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Abstract 
Since the release by the Federal Communications Commission (FCC) of a bandwidth of 
7.5GHz (from 3.1GHz to 10.6GHz) for ultra wideband (UWB) wireless communications, 
UWB is rapidly advancing as a high data rate wireless communication technology. 
As is the case in conventional wireless communication systems, an antenna also plays 
a very crucial role in UWB systems. However, there are more challenges in designing 
a UWB antenna than a narrow band one. A suitable UWB antenna should be capa- 
ble of operating over an ultra wide bandwidth as allocated by the FCC. At the same 
time, satisfactory radiation properties over the entire frequency range are also necessary. 
Another primary requirement of the UWB antenna is a good time domain performance, 
i. e. a good impulse response with minimal distortion. 
This thesis focuses on UWB antenna design and analysis. Studies have been undertaken 
covering the areas of UWB fundamentals and antenna theory. Extensive investigations 
were also carried out on two different types of UWB antennas. 
The first type of antenna studied in this thesis is circular disc monopole antenna. The 
vertical disc monopole originates from conventional straight wire monopole by replacing 
the wire element with a disc plate to enhance the operating bandwidth substantially. 
Based on the understanding of vertical disc monopole, two more compact versions fea- 
turing low-profile and compatibility to printed circuit board are proposed and studied. 
Both of them are printed circular disc monopoles, one fed by a micro-strip line, while 
the other fed by a co-planar waveguide (CPW). 
The second type of UWB antenna is elliptical/circular slot antenna, which can also be 
fed by either micro-strip line or CPW. 
The performances and characteristics of UWB disc monopole and elliptical/circular slot 
antenna are investigated in both frequency domain and time domain. The design param- 
eters for achieving optimal operation of the antennas are also analyzed extensively in 
order to understand the antenna operations. 
It has been demonstrated numerically and experimentally that both types of antennas 
are suitable for UWB applications. 
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Chapter 1 
Introduction 
1.1 Introduction 
Wireless communication technology has changed our lives during the past two decades. 
In countless homes and offices, the cordless phones free us from the short leash of handset 
cords. Cell phones give us even more freedom such that we can communicate with each 
other at any time and in any place. Wireless local area network (WLAN) technology 
provides us access to the internet without suffering from managing yards of unsightly 
and expensive cable. 
The technical improvements have also enabled a large number of new services to 
emerge. The first-generation (1G) mobile communication technology only allowed ana- 
logue voice communication while the second-generation (2G) technology realized digital 
voice communication. Currently, the third-generation (3G) technology can provide video 
telephony, internet access, video/music download services as well as digital voice ser- 
vices. In the neax future, the fourth-generation (4G) technology will be able to provide 
on-demand high quality audio and video services, and other advanced services. 
In recent years, more interests have been put into wireless personal area network 
1 
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(WPAN) technology worldwide. The future WPAN aims to provide reliable wireless 
connections between computers, portable devices and consumer electronics within a short 
range. Furthermore, fast data storage and exchange between these devices will also be 
accomplished. This requires a data rate which is much higher than what can be achieved 
through currently existing wireless technologies. 
The maximum achievable data rate or capacity for the ideal band-limited additive 
white Gaussian noise (AWGN) channel is related to the bandwidth and signal-to-noise 
ratio (SNR) by Shannon-Nyquist criterion [1,2], as shown in Equation 1.1. 
C=B loge (1 + SNR) (1.1) 
where C denotes the maximum transmit data rate, B stands for the channel bandwidth. 
Equation 1.1 indicates that, the transmit data rate can be increased by increasing 
the bandwidth occupation or transmission power. However, the transmission power can 
not be readily increased because many portable devices are battery powered and the 
potential interference should also be avoided. Thus, a large frequency bandwidth will be 
the solution to achieve high data rate. 
On February 14,2002, the Federal Communications Commission (FCC) of the United 
States adopted the First Report and Order that permitted the commercial operation of 
ultra wideband (UWB) technology [3]. Since then, UWB technology has been regarded 
as one of the most promising wireless technologies that promises to revolutionize high 
data rate transmission and enables the personal area networking industry leading to new 
innovations and greater quality of services to the end users. 
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1.2 Review of the State-of-Art 
At present, the global regulations and standards for UN NB technology are still under 
consideration and construction. However, research on UWB has advanced greatly. 
Freescale Semiconductor was the first company to produce UWB chips in the world 
and its XS1IO solution is the only cominercially available UNVB chipset, to (late [4]. 
It provides full wireless connectivity iniplementing direct sequence ultra wideband (DS- 
UWB). The chipset delivers more than 110 '. %Ibps data transfer rate supporting applica- 
tions such as streaming video, strearning audio, and high-rate data transfer at very low 
levels of power consumption. 
At 2005 3GSNI World Congress, Samsung and Freescale demonstrated the world's 
first UWB-enabled cell phone featuring its UWB wireless chipset [5]. 
Figure 1.1: Samsung's UWB-enabled cell phone [51 
The Sainsung's UWB-enabled cell phone, as shown in Figure 1.1, can connect wire- 
lessly to a laptop and download files froin the Internet. Additionally, pictures, NIP3 audio 
files or data froin the plione's address book can be selected and transferred directlY to the 
laptop at very high data rate owing to the UWB technology exploited. These. functions 
underscore the changing role of the cellular plione as new applications, such is cameras 
and video, require the abilitY for consumers to wirelessly connect their cell plione to 
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other devices and transfer their data and files very fast. 
In June, 2005, Haier Corporation and Freescale Semiconductor announced the first 
commercial UWB product, i. e. a UWB-enabled Liquid Crystal Display (LCD) digital 
television and digital media server [6]. 
I 
Figure 1.2: Haier*s U\VB-cnablcd LCD digital television and digital inedia 
server [6] 
As shown in Figure 1.2, the Haier television is a 37-inch, LCD High- Definition TV 
(HDTV). The Freescale UWB antenna, which is a flat planar design etched oil a single 
metal layer of common FR4 circuit board material, is embedded inside the television and 
is not visible to the user. The digital media server is the size of a standard DVD player 
but includes personal video player (PVP) functionality, a DVD playback capability and 
a tuner, as well as the Freescale UWB solution to wirelessly stream media to the HDTV. 
The digital media server can be placed as far away as 20 ineters from the actual HDTV, 
providing considerable freedom in home theatre configuration. The rated throughput 
between these two devices is up to 110 megabits per second at this distance, which will 
allow several MPEG-2 video streams to be piped over the UWB link. 
At the 2006 International Consumer Electronics Show in Las Vegas in January, Belkill 
announces its new CableFrec USB (Universal Serial Bus) Hub, the first UWB-enabled 
Product to be introduced in the U. S. market [7,8]. 
Clrraýýtcr 1. Irrhroducti 071. 
Figure 1.3: Beelküi's four-port Cal>lcýfrcýýý USB Hiti [8] 
rý 
The Belkin's four-port hub, kv, show in Figure 1.3, enables inuilediate high-speed 
wireless connectivity for any USB device without requiring software. USB devices plug 
into the hub with cords, but the hub does not require a cable to connect to the computer. 
So it gives desktop computer users the freedom to place their USB devices where it is 
most convenient for the users. Laptop users also gain the freedom to roarn wirelessly 
with their laptop around the room while still maintaining access to their stationary USB 
devices, such as printers, scanners, hard drives, and NLIP3 players. 
The regulatory bodies around the world are currently working on the UWB regula- 
tions and the Institute of Electrical and Electronics Engineers (IEEE) is busy making 
UWB standards. It is believed that when these works are finished, a great variety of 
UWB products will be available to the customers in the market. 
1.3 Motivation 
The U\VB technology lias experienced inany significant developments in recent years. 
However, there are still challengers in making this technology live up to its fiill potential. 
One particular challenge is the UWB antenna. 
Aniong the classical broadband antenna configurations that are under consideration 
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for use in UWB systems, a straight wire monopole features a simple structure, but its 
bandwidth is only around 10%. A vivaldi antenna is a directional antenna [9] and hence 
unsuitable for indoor systems and portable devices. A biconical antenna has a big size 
which limits its application [10). Log periodic and spiral antennas tend to be dispersive 
and suffer severe ringing effect, apart from big size [11]. There is a growing demand for 
small and low cost UWB antennas that can provide satisfactory performances in both 
frequency domain and time domain. 
In recent years, the circular disc monopole antenna has attracted considerable research 
interest due to its simple structure and UV%TB characteristics with nearly onmi-directional 
radiation patterns [12,13]. However, it is still not clear why this type of antenna can 
achieve ultra wide bandwidth and how exactly it operates over the entire bandwidth. 
In this thesis, the circular disc monopole antenna is investigated in detail in order to 
understand its operation, find out the mechanism that leads to the UWB characteristic 
and also obtain some quantitative guidelines for designing of this type of antenna. Based 
on the understanding of vertical disc monopole, two more compact versions, i. e. coplanar 
waveguide (CPW) fed and microstrip line fed circular disc monopoles, are proposed. 
In contrast to circulax disc monopoles which have relatively large electric near-fields, 
slot antennas have relatively large magnetic near-fields. This feature makes slot antennas 
more suitable for applications wherein near-field coupling is not desirable. As such, 
elliptical/circular slot antennas are proposed and studied for UWB systems in this thesis. 
1.4 Organization of the thesis 
This thesis is organised in seven chapters as follows: 
Chapter 2: A brief introduction to UWB technology is presented in this chapter. 
The history of UWB technology is described. Its advantages and applications are also 
discussed. Besides, current regulation state and standards activities are addressed. 
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Chapter 3: This chapter covers the fundamental antenna theory. The primary 
requirements for a suitable UWB antenna are discussed. Some general approaches to 
achieve wide operating bandwidth of antenna are also introduced. 
Chapter 4: In this chapter, circular disc monopole antennas are studied in frequency 
time. The operation principle of the antenna is addressed based on the investigation of 
the antenna performances and characteristics. The antenna configuration also evolves 
from a vertical type to a fully planar version. 
Chapter 5: The frequency domain performances of elliptical/circular slot antennas 
are detailed in this chapter. The important parameters which affect the antenna per- 
formances are investigated both numerically and experimentally to derive the design 
rules. 
Chapter 6: The time domain characteristics of circular disc monopoles and ellipti- 
cal/circular slot antennas are evaluated in this chapter. The performances of antenna 
systems are analysed. Antenna responses in both transmit and receive modes are inves- 
tigated. Rirther, the received signal wavefornis are assessed by the pulse fidelity. 
Chapter 7: This chapter concludes the researches that have been done in this thesis. 
Suggestions for future work are also given in this chapter. 
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Chapter 2 
UWB Technology 
UWB technology has been used in the areas of radar, sensing and military communi- 
cations during the past 20 years. A substantial surge of research interest has occurred 
since February 2002, when the FCC issued a ruling that UWB could be used for data 
communications as well as for radar and safety applications [1]. Since then, UNVB tech- 
nology has been rapidly advancing as a promising high data rate wireless communication 
technology for various applications. 
This chapter presents a brief overview of UWB technology and explores its funda- 
mentals, including UWB definition, advantages, current regulation state and standard 
activities. 
2.1 Introduction 
2.1.1 Background 
UWB systems have been historically based on impulse radio because it transmitted 
data at very high data rates by sending pulses of energy rather than using a narrow- 
band frequency caxrier. Normally, the pulses have very short durations, typically a few 
9 
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nanoseconds (billionths of a second) that results in an ultra wideband frequency spec- 
trum. 
The concept of impulse radio initially originated with Marconi, in the 1900s, when 
spark gap transmitters induced pulsed signals having very wide bandwidths [2]. At that 
time, there was no way to effectively recover the wideband energy emitted by a spark gap 
transmitter or discriminate among many such wideband signals in a receiver. As a result, 
wideband signals caused too much interference with one another. So the communications 
world abandoned wideband cornmunication in favour of narrowband radio transmitter 
that were easy to regulate and coordinate. 
In 1942-1945, several patents were filed on impulse radio systems to reduce interfer- 
ence and enhance reliability [3]. However, many of them were frozen for a long time 
because of the concerns about its potential military usage by the U. S. government. It 
is in the 1960s that impulse radio technologies started being developed for radar and 
military applications. 
In the mid 1980s, the FCC allocated the Industrial Scientific and Medicine (ISM) 
bands for unlicensed wideband communication use. Owing to this revolutionary spec- 
trum allocation, WLAN and Wireless Fidelity (Wi-Fi) have gone through a tremendous 
growth. It also leads the communication industry to study the merits and implications 
of wider bandwidth communication. 
Shannon-Nyquist criterion (Equation 1.1) indicates that channel capacity increases 
linearly with bandwidth and decreases logarithmically as the SNR decreases. This rela- 
tionship suggests that channel capacity can be enhanced more rapidly by increasing the 
occupied bandwidth than the SNR. Thus, for WPAN that only transmit over short dis- 
tances, where signal propagation loss is small and less variable, greater capacity can be 
achieved through broader bandwidth occupancy. k 
In February, 2002, the FCC amended the Part 15 rules which govern unlicensed radio 
devices to include the operation of UWB devices. The FCC also allocated a bandwidth 
Chapter 2. UWB Technology 11 
of 7.5GHz, i. e. from 3.1GHz to 10. GGHz to UWB applications [11, by far the largest 
spectrum allocation for unlicensed use the FCC has ever granted. 
According to the FCC's ruling, any signal that occupies at least 50OMHz spectrum 
can be used in UWB systems. That means UWB is not restricted to impulse radio any 
more, it also applies to any technology that uses 50OMHz spectrum and complies with 
all other requirements for UWB. 
2.1.2 Signal Modulation Scheme 
Information can be encoded in a UWB signal in various methods. The most popu- 
lar signal modulation schemes for UWB systems include pulse-amplitude modulation 
(PAM) [4], pulse-position modulation (PPM) [3], binary phase-shift keying (BPSK) 
[5], and so on. 
2.1.2.1 PAM 
The principle of classic PAM scheme is to encode information based on the amplitude of 
the pulses, as illustrated in Figure 2.1. 
Al ----------- 
A2 --------- ---------- 
10 1/ 1 
Figure 2.1: PAM modulation 
Time 
The transmitted pulse amplitude modulated information signal x(t) can be repre- 
sented as: 
x(t) = dz " wtr(t) (2. i) 
where wt, (t) denotes the UWB pulse waveform, i is the bit transmitted (i. e. T or V), 
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and 
Al, i=l 
(2.2) 
A27 i=O 
Figure 2.1 illustrates a two-level (Al and A2) PAM scheme where one bit is encoded 
in one pulse. More amplitude levels can be used to encode more bits per symbol. 
2.1.2.2 PPM 
In PPM, the bit to be transmitted determines the position of the UWB pulse. As shown 
in Figure 2.2, the bit '0' is represented by a pulse which is transmitted at nominal 
position, while the bit '1' is delayed by a time of a from nominal position. The time 
delay a is normally much shorter than the time distance between nominal positions so 
as to avoid interference between pulses. 
01 
ný n 
°A 
Nominal Position Distance 
Figure 2.2: PPM modulation 
The pulse position modulated signal x(t) can be represented as: 
Time 
x(t) = wtr(t -a" di) (2.3) 
where wt, (t) and i have been defined previously, and 
di = 
1, i=1 
(2.4) 
10, i=0 
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Figure 2.2 illustrates a two-position (0 and a) PPNI scheme and additional positions 
can be used to achieve more bits per symbol. 
2.1.2.3 BPSK 
In BPSK modulation, the bit to be transmitted determines the phase of the UVvB pulse. 
As shown in Figure 2.3, a pulse represents the bit V; when it is out of phase, it represents 
the bit T. In this case, only one bit is encoded per pulse because there are only two 
phases available. More bits per symbol may be obtained by using more phases. 
101 
Figure 2.3: BPSK modulation 
The BPSK modulated signal x(t) can be represented as: 
X(t) = Wtr(t)e-j(d. -7r) (2.5) 
where wt, (t) and i have been defined previously, and 
1i=1 
di = 
1, 
0, i=0 
2.1.3 Band Assignment 
(2.6) 
The UWB band covers a frequency spectrum of 7.5GHz. Such a wide band can be 
utilized with two different approaches: single-band scheme and multiband scheme. 
UWB systems based on impulse radio are single-band systems. They transmit short 
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pulses which are designed to have a spectrum covering the entire UWB band. Data is 
normally modulated using PPM method and multiple users can be supported using time, 
hopping scheme. 
Figure 2.4 presents an example of time hopping scheme. In each frame, there are 
eight time slots allocated to eight users; for each user, the UWB signal is transmitted at 
one specific slot which determined by a pseudo random sequence. 
ie 
1.2 .345.6.7.8 
Time hopping frame 
Figure 2.4: Time hopping concept 
The other approach to UWB spectrum allocation is multiband scheme where the 
7.5GHz UWB band is divided into several smaller sub-bands. Each sub-band has a 
bandwidth no less than 500'-'\IHz so as to conform to the FCC definition of UWB. 
In multiband scheme, multiple access can be achieved by using frequency hopping. 
As exemplified in Figure 2.5, the UWB signal is transmitted over eight sub-bands in 
a sequence during the hopping period and it hops from frequency to frequency at fixed 
intervals. At any time, only one sub-band is active for transmission while the so-called 
time-frequency hopping codes are exploited to determine the sequence in which the sub- 
bands are used. 
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Figure 2.5: Frequency hopping concept 
Single-band and multiband UWB sYstems present different features. 
For single-band scheme, the transmitted pulse signal has extremely short duration, so 
very fast switching circuit is required. On the other hand, the multiband system needs 
a signal generator which is able to quickly switch between frequencies. 
Single-band systems can achieve better multipath resolution compared to multiband 
systems because they employ discontinuous transmission of short pulses and normally 
the pulse duration is shorter than the multipath delay. While multiband systems may 
benefit from the frequency diversity across sub-bands to improve system performance. 
Besides, multiband systems can provide good interference robustness and co-existence 
properties. For example, when the system detects the presence of other wireless systems, 
it can avoid the use of the sub-bands which share the spectrum with those systems. 
To achieve the same result, a single-band system would need to exploit notch fil- 
ters. However, this may increase the system complexity and distort the received signal 
waveform. 
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2.2 Advantages of UWB 
16 
UWB has a number of encouraging advantages that are the reasons why it present,, a 
more eloquent solution to wireless broadband than other technologies. 
Firstly, according to Shannon-Hartley theorem, channel capacity is in proportion to 
bandwidth. Since UWB has an ultra wide frequency bandwidth, it can achieve huge 
capacity as high as hundreds of Nlbps or even several Gbps with distances of I to 10 
meters 
Secondly, UWB systems operate at extremely low power transmission levels. By 
dividing the power of the signal across a huge frequency spectrum, the effect upon any 
frequency is below the acceptable noise floor [7], as illustrated in Figure 2.6. 
Narrowband 
21 Signal 
LU Spread-Spectrum 
Signal 
E Ultra Wideband 
Signal 
Ant- 
-Noise Floor 
Frequency 
Figure 2.6: Ultra wideband. communications spread transmitting energy 
across a wide spectrum of frequency (Reproduced from [7]) 
For example, 1 watt of power spread across IGHz of spectrum results in only I 
nanowatt of power into each hertz band of frequency. Thus, UWB signals do not cause 
significant interference to other wireless systems. 
Thirdly, UWB provides high secure and high reliable communication solutions. Due 
to the low energy density, the UWB signal is noise-like, which makes unintended detection 
quite difficult. Furthermore, the "noise-like" signal has a particular shape; in contrast, 
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real noise has no shape. For this reason, it is almost impossible for real noise to obliterate 
the pulse because interference would have to spread uniformly across the entire spectrum 
to obscure the pulse. Interference in only part of the spectrum reduces the amount of 
received signal, but the pulse still can be recovered to restore the signal. Hence UWB is 
perhaps the most secure means of wireless transmission ever previously available [8]. 
Lastly, UVvB system based on impulse radio features low cost and low complexity 
which arise from the essentially baseband nature of the signal transmission. UWB does 
not modulate and demodulate a complex carrier waveform, so it does not require com- 
ponents such as mixers, filters, amplifiers and local oscillators. 
2.3 Regulation Issues 
Any technology has its own properties and constrains placed on it by physics as well as 
by regulations. Government regulators define the way that technologies operate so as to 
make coexistence more harmonious and also to ensure public safety [6). 
Since UWB systems operate over an ultra wide frequency spectrum which will overlap 
with the existing wireless systems such as global positioning system (GPS), and the IEEE 
802.11 WLAN, it is natural that regulations are an important issue. 
The international regulations for UWB technology is still not available now and it 
will be mainly dependent on the findings and recommendations on the International 
Telecommunication Union (ITU). 
Currently, United States, with the FCC approval, is the only country to have a 
complete ruling for UWB devices. While other regulatory bodies around the world have 
also been trying to build regulations for UNVB. 
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2.3.1 The FCC's Rules in Unites States 
After several years of debate, the FCC released its First Report and Order and adopted 
the rules for Part 15 operation of UV%rB devices on February 14th, 2002. 
The FCC defines UWB operation as any transmission scheme that has a fractional 
bandwidth greater than or equal to 0.2 or an absolute bandwidth greater than or equal 
to 50OMHz [1]. UWB bandwidth is the frequency band bounded by the points that are 
1OdB below the highest radiated emission, as based on the complete transmission system 
including the antenna. The upper boundary and the lower boundary are designated fH 
and fL, respectively. The fractional bandwidth FBW is then given in Equation 2.7. 
fH -A FBW = 27- (2.7) H+ fL 'ff + 
fL 
Also, the frequency at which the highest radiated emission occurs is designated fAl 
and it must be contained with this bandwidth. 
Although UWB systems have very low transmission power level, there is still serious 
concern about the potential interference they may cause to other wireless services. To 
avoid the harmful interference effectively, the FCC regulates emission mask which defines 
the maximum allowable radiated power for UWB devices. 
In FCC's First Report and Order, the UWB devices are defined as imaging systems, 
vel-Acula. r radar systems, indoor systems and hand-held systems. The latter two cate- 
gories are of primary interest to commercial UWB applications and will be discussed in 
this study. 
The devices of indoor systems axe intended solely for indoor operation and must 
operate with a fixed indoor infrastructure. It is prohibited to use outdoor antenna to 
direct the transmission outside of a building intentionally. The UWB bandwidth must 
be contained between 3.1GHz and 10.6GHz, and the radiated power spectral density 
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(PSD) should be compliant with the emission mask, as given in Table 2-A and Figure 
2.7. 
UWB hand-held devices do not employ a fixed infrastructure. They should transmit 
only when sending information to an associated receiver. Antennas should be mounted 
on the device itself and axe not allowed to be placed on outdoor structures. UWB hand- 
held devices may operate indoors or outdoors. The outdoor emission mask is at the 
same level of -41.3dBm/MHz as the indoor mask within the UWB band from 3.1GHz 
to 10.6GHz, and it is 1OdB lower outside this band to obtain better protection for other 
wireless services, as shown in Table 2-A and Figure 2.7. 
Table 2-A: FCC emission limits for indoor and hand-held systems 
Requency range 
(MHz) 
Indoor emission mask 
(dBm/MHz) 
Outdoor emission mask 
(dBm/MHz) 
960-1610 -75.3 -75.3 
1610-1900 -53.3 -63.3 
1900-3100 -51.3 -61.3 
3100-10600 -41.3 -41.3 
above 10600 -51.3 -61.3 
As with all radio transmitters, the potential interference depends on many things, 
such as when and where the device is used, transmission power level, numbers of device 
operating, pulse repetition frequency, direction of the transmitted signal and so on. 
Although the FCC has allowed UWB devices to operate under mandatory emission 
masks, testing on the interference of UWB with other wireless systems will still continue. 
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Figure 2.7: FCC's indoor and outdoor emission masks 
2.3.2 Regulations Worldwide 
The regulatory bodies outside United States are also actively conducting studies to reach 
a decision on the UWB regulations now. They are, of course, heavily influenced by the 
FCC's decision, but will not necessarily fully adopt the FCC's regulations. 
In Europe, the Electronic Communications Comi-nittee (ECC) of the Conference of 
European Posts and Telecommunications (CEPT) completed the draft report on the 
protection requirement of radio communication systems from UWB applications [9]. In 
contrast to the FCC's single emission mask level over the entire UWB band, this report 
proposed two sub-bands with the low band ranging from 3.1GHz to 4.8GHz and the 
high band from 6GHz to 8.5GHz, respectively. The emission limit in the high band is 
-41.3dBm/MHz. 
In order to ensure co-existence with other systems that may reside in the low band, 
the ECC's proposal includes the requirement of Detect and Avoid (DAA) which is an 
interference mitigation technique [10]. The emission level within the frequency range 
from 3.1GHz to 4.2GHz is -41.3dBm/MHz if the DAA protection mechanism is available. 
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Otherwise, it should be lower than -70dBnl/l\lHz. Within the frequency range froin 
4.2GHz to 4. SGHz, there is no limitation until 2010 and the mask level is -4l. 3dBin/MHz. 
The ECC proposed mask against the FCC one are plotted in Figure 2.8. 
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Figure 2.8: Proposed spectral mask of ECC 
In Japan, the Ministry of Internal Affairs & Communications (MIC) completed the 
proposal draft in 2005 [11]. Similar to ECC, the MIC proposal has two sub-bands, but 
the low band is from 3.4GHz to 4.8GHz and the high band from 7.25GHz to 10.25GHz. 
DAA protection is also required for the low band. 
In Korea, Electronics and Telecommunications Research Institute (ETRI) recom- 
mended an emission mask at a much lower level than the FCC spectral mask. 
Compared to other countries, Singapore has a more tolerant attitude towards UWB. 
The Infocomm Development Authority (IDA) of Singapore has been conducting the 
studies on UWB regulations. Currently, while awaiting for the final regulations, IDA 
issued a UWB trial license to encourage experimentation and facilitate investigation 
(2,121. With this trial license, UWB systems are permitted to operate at an emission 
level 6dB higher than the FCC limit from 2.2GHz to 10.6GHz within the UWB Friendly 
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Zone (UFZ) which is located within Science Park 11. 
The UWB proposals in Japan, Korea and Singapore against the FCC one are illus- 
trated in Figure 2.9. 
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Figure 2.9: Proposed spectral masks in Asia 
2.4 UWB Standards 
2 
A standard is the precondition for any technology to grow and develop because it makes 
possible the wide acceptance and dissemination of products from multiple manufacturers 
with an economy of scale that reduces costs to consumers. Conformance to standards 
makes it possible for different manufacturers to create products that are compatible or 
interchangeable with each other [2]. 
In UWB matters, the IEEE is active in making standards. 
The IEEE 802.15.4a task group is focused on low rate alternative physical layer 
for WPANs. The technical requirements for 802.15.4a include low cost, low data rate 
(>250kl)ps), low complexity and low power consumption [13]. 
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The IEEE 802.15.3a task group is aimed at developing high rate alternative physical 
layer for VVTANs [14]. 802.15.3a is proposed to support a data rate of 11OMbps with a 
distance of 10 meters. When the distance is further reduced to 4 meters and 2 meters, 
the data rate will be increased to 20OMbps and 48OMbps, respectively. There are two 
competitive proposals for 802.15.3a, i. e. the Direct Sequence UWB (DS-UWB) and the 
Multiband Orthogonal Frequency Division Multiplexing (MB-OFDM). 
DS-UWB proposal is the conventional impulse radio approach to UWB communica- 
tion, i. e. it exploits short pulses which occupy a single band of several GHz for transmis- 
sion. This proposal is mainly backed by Freescale and Japanese NICT and its proponents 
have established their own umbrella group, namely, the UWB Forum [15]. 
DS-UWB proposal employs direct sequence spreading of binary data sequences for 
transmission modulation. 
The concept of direct sequence spread spectrum (DSSS) is illustrated in Figure 2.10. 
The input data is modulated by a pseudo-noise (PN) sequence which is a binary sequence 
that appears random but can be reproduced at the receiver. Each user is assigned a 
unique PN code which is approximately orthogonal to those of other users. The receiver 
can separate each user based on their PN code even if they share the same frequency band. 
Therefore, many users can simultaneously use the same bandwidth without significantly 
interfering one another [16]. 
1011 
----- L Data input A 
IJI01011 0 1,11011101011 0 11010111011 0 1 '1 1 
PN sequence B 
Transmitted signal 
101111101011 
, 
1110101111101110111111101110 
Ii 
LJ iI 
C= AOB LPFULF1 I =1 
Figure 2.10: Example of direct sequence spread spectrum 
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The different achievable data rates are obtained by varying the convolutional code 
rate and the spreading code length. The code length determines the number of chips 
duration used to represent one symbol. Hence, a shorter code length will lead to a higher 
data rate for fixed error-correcting code rate [171. 
The main advantage of DS-UWB is its immunity to the multipath fading due to the 
large frequency bandwidth. It is also flexible to adapt very high data rates in a very 
short distance. 
However, there is also technical challenge to DS-UWB. As shown in Table 2-B, 
the FCC defined a single band of 7.5GHz for UWB communications, but this 3.1GHz- 
10-6GHz band is broken down into low and high sub-bands. Thus, an efficient pulse- 
shaping filter is required in order to comply with the various spectral masks proposed 
by different regulatory bodies. 
Table 2-B: Proposed UWB band in the world 
Region UWB band 
United States Single band: 3. lGHz-10.6GHz 
Low band: 3. lGHz-4.8GHz 
Europe 
High band: 6GHz-8.5GHz 
Low band: 3.4GHz-4.8GHz 
Japan 
High band: 7.25GHz-10.25GHz 
MB-OFDM proposal is supported by MultiBand OFDM Alliance (MBOA) which is 
comprised of more than 100 companies. MB-OFDM combines the multiband approach 
together with the orthogonal frequency division multiplexing (OFDM) techniques. 
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OFDM is a special case of multicarrier transn-Assion, where a single data stream is 
transmitted over a number of lower rate sub-carriers. Because the sub-caxriers axe math- 
ematically orthogonal, they can be arranged in a OFDM signal such that the sidebands 
of the individual sub-carriers overlap and the signals are still received without adjacent 
carrier interference. It is apparent that OFDM can achieve higher bandwidth efficiency 
compared with conventional multicarrier technique, as shown in Figure 2.11. 
4 sub-bands 4 sub-bands 
=)lf 
-(Y""'Y - (a) (b) 
Figure 2.11: (a) OFDM technique versus (b) conventional multicarrier tech- 
nique 
In MB-OFDM proposal, the total UWB frequency band from 3.1GHz to 10.6GHz is 
divided into 14 sub-bands each of which has a bandwidth of 528MHz to conform to the 
FCC definition of UWB [18], as shown in Figure 2.12. A packet of data is modulated into 
a group of OFDM symbols which are then transmitted across the different sub-bands. 
Frequency hopping is used to obtain multiple access, as discussed previously. 
MB-OFDM has greater flexibility in adapting to the spectral regulation of different 
countries which makes it attractive especially given that there is still much uncertainty in 
the worldwide regulation process. Also, MB-OFDM is flexible to provide multiple data 
rates in the system which makes it capable of meeting the needs of different customers. 
Due to its multiband scheme, MB-OFDM permits adaptive selection of the sub-bands so 
as to avoid interference with other systems at certain frequency range. Besides, OFDN1 
technique is well-established and has already gained popularity in WLAN and IEEE 
802.11a. 
The main disadvantage of MB-OFDM is the inferior multipath resolution compared 
to DS-UWB due to the narrower bandwidth of each sub-band. 
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Figure 2.12: Band plan for OFDM UWB system 
Currently, both of DS-UWB and I\IB-OFD. Nl proposals are still under consideration 
and either of them has its own proponents. It seems that these two proposals will be 
selected by market forces. 
2.5 UWB Applications 
As mentioned earlier in this chapter, UWB offers some unique and distinctive properties 
that make it attractive for various applications. 
Firstly, UWB has the potential for very high data rates using very low power at very 
limited range, which will lead to the applications well suited for WPAN. The periph- 
eral connectivity through cableless connections to applications like storage, 1/0 devices 
and wireless USB will improve the ease and value of using Personal Computers (PCs) 
and laptops. High data rate transmissions between computers and consumer electronics 
like digital cameras, video cameras, 'NIP3 players, televisions, personal video recorders, 
automobiles and DVD players will provide new experience in home and personal enter- 
tainment. 
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Secondly, sensors of all types also offer an opportunity for UWB to flourish [2]. Sensor 
networks is comprised of a large number of nodes within a geographical area. These nodes 
may be static, when applied for securing home, tracking and monitoring, or mobile, if 
equipped on soldiers, firemen, automobiles, or robots in military and emergency response 
situations [19]. The key requirements for sensor networks include low cost, low power 
and multifunctionality which can be well met by using UWB technology. High data rate 
UVV'B systems are capable of gathering and disseminating or exchanging a vast quantity 
of sensory data in a timely manner. The cost of installation and maintenance can drop 
significantly by using UWB sensor networks due to being devoid of wires. This merit 
is especially attractive in medical applications because a UV%rB sensor network frees the 
patient from being shackled by wires and cables when extensive medical monitoring is 
required. In addition, with a wireless solution, the coverage can be expanded more easily 
and made more reliable. 
Thirdly, positioning and tracking is another unique property of UWB. Because of 
the high data rate characteristic in short range, UWB provides an excellent solution 
for indoor location with a much higher degree of accuracy than a GPS. Furthermore, 
with advanced tracking mechanism, the precise determination of the tracking of mov- 
ing objects within an indoor environment can be achieved with an accuracy of several 
centimeters [2]. UWB systems can operate in complex situations to yield faster and 
more effective communication between people. They can also be used to find people 
or objects in a variety of situations, such as casualties in a collapsed building after an 
earthquake, children lost in the mall, injured tourists in a remote area, fire fighters in a 
burning building and so on. 
Lastly, UWB can also be applied to radar and imaging applications. It has been used 
in military applications to locate enemy objects behind walls and around corners in the 
battlefield. It has also found value in commercial use, such as rescue work where a UWB 
radax could detect a person's breath beneath rubble, or medical diagnostics where X-ray 
systems may be less desirable. 
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UV%rB short pulses allow for very accurate delay estimates, enabling high definition 
radar. Based on the high ranging accuracy, intelligent collision-avoidance and cruise- 
control systems can be envisioned [19]. These systems can also improve airbag deploy- 
ment and adapt suspension/braking systems depending on road conditions. Besides, 
UWB vehicular radar is also used to detect the location and movement of objects near 
a vehicle. 
2.6 Summary 
The FCC approval of UVVB for commercial use has prompted the industry as well as the 
academia to put significant efforts into this technology. 
The future of UWB will heavily depend on the regulatory rulings and standards. 
Currently, several regulatory bodies around the world axe conducting studies to build 
the UWB regulations. The majority of the debate on UWB centred around the question 
of whether it will cause harmful interference to other systems and services. Although 
UV%rB devices are required to operate with a power level compliant with the emission 
mask, the concern about the potential interference will continue. 
The IEEE has established two task groups working on the UWB standards. In the 
high data rate case, there are two leading proposals which compete with each other, i. e. 
DS-UWB and MB-OFDM. Both of these two proposals are still under consideration and 
probably the market will do the selection. 
Owning to its distinctive advantages, UV%rB technology will be applied in a wide range 
of axeas, including communications, sensors, positioning, radar, imaging and so on. 
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Chapter 3 
Antenna Theory 
The main objective of this thesis is to design antennas that are suitable for the future 
UV%rB communication systems. Before the design work, it is necessary to get familiar with 
the fundamental antenna theory in this chapter. Some important parameters that always 
have to be considered in antenna design are described. At the same time, the primary 
requirements for a suitable UWB antenna axe discussed. Some general approaches to 
achieve wide operating bandwidth of antenna are presented. Also, some classic UWB 
antenna configurations are introduced. 
3.1 Introduction 
3.1.1 Definition of Antenna 
The antennas are an essential part of any wireless system. According to The IEEE Stan- 
dard Definitions of terms for Antennas, an antenna is defined as "a means for radiating 
or receiving radio waves [1]". In other words, a transmit antenna is a device that takes 
the signals from a transmission line, converts them into electromagnetic waves and then 
broadcasts them into free space, as shown in Figure 3.1; while operating in receive 
31 
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mode, the antenna collects the incident electromagnetic waves and converts them back 
into signals. 
Transmission Line 1 Antenna 1 Radiated free-space 
Figure 3.1: Antenna as a transition device 
In an advanced wireless system, an antenna is usually required to optimize or accen- 
tuate the radiation energy in some directions and suppress it in others at certain fre- 
quencies. Thus the antenna must also serve as a directional in addition to a transition 
device. In order to meet the particular requirement, it must take vaxious forms. As a 
result, an antenna may be a piece of conducting wire, an aperture, a patch, a reflector, 
a lens, an assembly of elements (arrays) and so on. A good design of the antenna can 
relax system requirements and improve overall system performance. 
3.1.2 Important Parameters of Antenna 
To describe the performance of an antenna, definitions of various parameters are nec- 
essary. In practice, there are several commonly used antenna parameters, including 
frequency bandwidth, radiation pattern, directivity, gain, input impedance, and so on. 
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3.1.2.1 IYequency Bandwidth 
Frequency bandwidth (BW) is the range of frequencies within which the performance of 
the antenna, with respect to some characteristic, conforms to a specified standard. The 
bandwidth can be considered to be the range of frequencies, on either side of the center 
frequency, where the antenna characteristics are within an acceptable value of those at 
the center frequency. Generally, in wireless communications, the antenna is required to 
provide a return loss less than -1OdB over its frequency bandwidth. 
The frequency bandwidth of an antenna can be expressed as either absolute band- 
width (ABW) or fractional bandwidth (FBW). If fH and fL denote the upper edge and 
the lower edge of the antenna bandwidth, respectively. The ABW is defined as the dif- 
ference of the two edges and the FBW is designated as the percentage of the frequency 
difference over the center frequency, as given in Equation 3.1 and 3.2, respectively. 
ABW = fH - fL 
FBW =2 
fH - fL (3.2) TH + fL 
For broadband antennas, the impedance bandwidth ratio can be expressed as the ratio 
of the upper to the lower frequencies, where the antenna performance is acceptable, as 
shown in Equation 3.3. 
BW - 
fH 
A 
3.1.2.2 Radiation Pattern 
(3.3) 
The radiation pattern (or antenna pattern) is the representation of the radiation prop- 
erties of the antenna as a function of space coordinates. In most cases, it is determined 
in the far-field region where the spatial (angular) distribution of the radiated power does 
not depend on the distance. Usually, the pattern describes the normalized field (power) 
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values with respect to the maximum values. 
The radiation property of most concern is the two- or three-dimensional (2D or 3D) 
spatial distribution of radiated energy as a function of the observer's position along a 
path or surface of constant radius. In practice, the three-dimensional pattern is some- 
times required and can be constructed in a series of two-dimensional patterns. For most 
practical applications, a few plots of the pattern as a function of V for some particular 
values of frequency, plus a few plots as a function of frequency for some particular values 
of 0 will provide most of the useful information needed, where V and 0 axe the two axes 
in a spherical coordinate. 
For a linearly polarised antenna, its performance is often described in terms of its 
principle E-plane and H-plane patterns. The E-plane is defined as the plane containing 
the electric-field vector and the direction of maximum radiation whilst the H-plane is 
defined as the plane containing the magnetic-field vector and the direction of maximum 
radiation [1]. 
There are three connnon radiation patterns that are used to describe an antenna's 
radiation property: 
(a) Isotropic -A hypothetical lossless antenna having equal radiation in all directions. 
It is only applicable for an ideal antenna and is often taken as a reference for expressing 
the directive properties of actual antennas. 
(b) Directional - An antenna having the property of radiating or receiving electromag- 
netic waves more effectively in some directions than in others. This is usually applicable 
to an antenna where its maximum directivity is significantly greater than that of a half- 
wave dipole. 
(c) Omni-directional - An antenna having an essentially non-directional pattern in a 
given plane and a directional pattern in any orthogonal plane. 
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3.1.2.3 Directivity and Gain 
To describe the directional properties of antenna radiation pattern, directivity D is 
introduced and it is defined as the ratio of the radiation intensity U in a given direction 
from the antenna over that of an isotropic source. For an isotropic source, the radiation 
intensity Uo is equal to the total radiated power Prad divided by 47r. So the directivity 
can be calculated by: 
U= 41rU (3.4) 
0 P, -. d 
If not specified, antenna directivity implies its maximum value, i. e. Do. 
Do -- 
Ulmax 
= 
Umax 
= 
47rUmax 
(3.5) 
uo uo Prad 
Antenna gain G is closely related to the directivity, but it takes into account the 
radiation efficiency e, ad of the antenna as well as its directional properties, as given by: 
G= eradD (3.6) 
RL R, - L 
C 
Zin 
Figure 3.2: Equivalent circuit of antenna 
Figure 3.2 shows the equivalent circuit of the antenna, where R, RL, L and C 
represent the radiation resistance, loss resistance, inductor and capacitor, respectively. 
The radiation efficiency erad is defined as the ratio of the power delivered to the radiation 
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resistance R, to the power delivered to R, and RL. So the radiation ('ffi('iClICY 6rad can 
be written as: 
12 
erad ýIiI 
Rr_ R, 
(3.7) 
ýJJ12R + ! JJ12RL Rr + RL T2 
Similarly, the maximum gain Go is related the maximum directivity Do by: 
Go = eradDo (3.8) 
3.1.3 Infinitesimal Dipole (Hertzian Dipole) 
The Hertzian Dipole is a dipole whose length dI is much smaller than the wavelength A 
of the excited wave, i. e. dl <A (dI < A/50). Besides, it is very thin, and its radius a is 
also much smaller than the wavelength A. 
As shown in Figure 3.3, the infinitesimal linear wire is positioned symmetrically at 
the origin of the coordinate system and oriented along the z-axis. 
Ar 
Ap 
As 
Idl 
Figure 3.3: Hertzian Dipole 
The infinitesimal dipole is equivalent to a current element Iodl. Since it is very short, 
the current is assumed to be constant. 
Although infinitesimal dipoles are not very practical, they are utilized as building 
blocks of more complex geometries. 
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3.1.3.1 Radiated Field 
To obtain the fields radiated by the current element, it is required to determine magnetic 
vector potential A first. 
For Hertzian Dipole, A is expressed as [2]: 
poIodl e -jkri (3.9) 47rr 
In the spherical coordinate, Equation 3.9 is transformed to: 
A, = A, cos 0= 
poIodl 
e -jkr Cos 41rr 
Ao = -A, sin 0 
E'-I-Odl 
e -jkr sin 0 41rr 
AV =0 (3.10) 
According to Maxwell's equations and the relationship between A and fl: 
xE -jwpH 
vx 
Now E- and H-field can be found: 
H, =Ho=O 
j, 
Wodl sin 0 r, +1 -jkr T-rr-- [" jkr] 
Er = 71 
Iodl cos 01+11 
e-jkr 27rr2 
I 
jkr 
Eo = 377 
kIodl sin 01+1-1] 
e-jkr 47rr 
I 
jkr (kr)2 
E, p =0 (3.12) 
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In the far-field region where kr > 1, the E- and H-field can be simplified and 
approximated by: 
Eo ; ý-, i7i 
kIodl sin 0e -jkr 
47rr 
E,; z-, Ev = H, = Ho =0 
Hý, j 
Hodl sin 0e -jkr (3.13) 
47rr 
The ratio of EO and H,, is: 
Eo 
ýý (3.14) 
where Z,,, is the wave impedance; 77 is the intrinsic impedance of the medium (377; z:: 1207r 
Ohms for free space). 
In the far-field region, the E- and H-field components are perpendiculax to each other, 
transverse to the radial direction of propagation, and the r variations are separable from 
those of 0 and V. The shape of the pattern is not a function of the radial distance r, 
and the fields form a Transverse Electromagnetic (TEM) wave whose wave impedance 
equals to the intrinsic impedance of the medium. 
3.1.3.2 Radiation Resistance 
For a lossless antenna, the real part of the input impedance was designated as radiation 
resistance R,. By integrating the Poynting vector over a closed surface, Pad, Le. the 
total power radiated by the source, can be found and its real part is related to the 
radiation resistance. 
Prad «= 
1 
Re (2 x H-*)ds = 17 
(Ir) 110 dj 12 
= 
11 
Jo 12 j? r 
R, = 77 
(Lir) I dl 12 
= 807r2 
ý di 12 (3.16) 
3 3ý 
Chapter 3. Antenna Theory 39 
Thus, the radiation resistance R, is dependent on dI and the wavelength A. 
3.1.3.3 Directivity 
The average power density W,,, can be obtained by Equation 3.17: 
IV. V Re[f x 
fI*] =1 IEO 12F =21 
kIodl 12 sin2 0F (3.17) 
277 2 41r r2 
Associated with the average power density is a radiation intensity U given by: 
2W 77 Hodl 
220= 
r2 
W) 12 sin T (3.18) -a- 77 
1 Eo (r, 0, U=r av 2 7r 
In 
The maximum value occurs at 0= 7r/2 and it equals to: 
U. ax --: 
77 1 kjo dl 12 (3.19) 
2 47r 
Then the directivity Do of Hertzian Dipole reduces to [2]: 
41rU,,,, x Do = P,. d 
= 1.5 (3.20) 
3.2 Requirements for UWB Antennas 
As is the case in conventional wireless communication systems, an antenna also plays a 
crucial role in UWB systems. However, there are more challenges in designing a UWB 
antenna than a narrow band one [3]. 
First of all, what distinguishes a UWB antenna from other antennas is its ultra 
wide frequency bandwidth. According to the FCC's definition, a suitable UWB antenna 
should be able to yield an absolute bandwidth no less than 50OMHz or a fractional 
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bandwidth of at least 0.2. 
Secondly, the performance of a UWB antenna is required to be consistent over the 
entire operational band. Ideally, antenna radiation patterns, gains and impedance match- 
ing should be stable across the entire band. Sometimes, it is also demanded that the 
UWB antenna provides the band-rejected characteristic to coexist with other narrow- 
band devices and services occupying the same operational band [4,5]. 
Thirdly, directional or onmi-directional radiation properties axe needed depending 
on the practical application. Omni-directional patterns are normally desirable in mobile 
and hand-held systems. For radar systems and other directional systems where high gain 
is desired, directional radiation characteristics are preferred. 
Fourthly, a suitable antenna needs to be small enough to be compatible to the UWB 
unit especially in mobile and portable devices. It is also highly desirable that the antenna 
feature low profile and compatibility for integration with printed circuit board (PCB). 
Fifthly, a good design of UWB antenna should be optimal for the performance of 
overall system. For example, the antenna should be designed such that the overall 
device (antenna and RF front end) complies with the mandatory power emission mask 
given by the FCC or other regulatory bodies. 
Lastly, but not the least important, a UWB antenna is required to achieve good time 
domain characteristics. For the narrow band case, it is approximated that an antenna has 
same performance over the entire bandwidth and the basic parameters, such as gain and 
return loss, have little variation across the operational band. In contrast, UWB systems 
often employ extremely short pulses for data transmission. In other words, enormous 
bandwidth has been occupied. Thus the antenna can't be treated as a "spot filter" any 
more but a "band-pass filter". In this case, the antenna imposes more significant impacts 
on the input signal. As a result, a good time domain performance, i. e. minimum pulse 
distortion in the received waveform, is a primary concern of a suitable UWB antenna 
[6] because the signal is the carrier of useful information. Therefore, it is indispensable 
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and important to study the antenna's characteristics in time domain. 
3.3 Approaches to Achieve Wide Operating Bandwidth 
As discussed in previous section, operating bandwidth is one of the most important 
parameter of an antenna. It is also the main characteristic in which a UNVB antenna 
differs from other antennas. Various methods have already been exploited to achieve 
bandwidth enhancement for different types of antennas. 
3.3.1 Resonant Antennas 
Resonant antennas, such as straight wire dipoles and microstrip patch antennas, operate 
at a single resonance mode at a time and the operating bandwidth is related to the 
antenna quality factor Q and radiation efficiency erad- 
3.3.1.1 Quality Factor and Bandwidth 
The quality factor Q of an antenna is defined as 27rf times the energy stored over the 
power radiated and the ohmic losses. It can be calculated through the equivalent circuit 
of the antenna, as shown in Figure 3.2. 
At resonant frequency fo (27rfo = 1/,, 
rL-C), 
12121 
: 11II L+11IJ T2- Q 21rfo , fý 27rfoL I II12(Rr + RL) Rr + RL 
1 Rr 
27rfo(R, +RL)c=T7lfORrC Rr+RL 
= Qlossless - erad (3.21) 
where Qjosgess is the quality factor when the antenna is assumed to be lossless, i. e. 
RL=O; e,.,, d is the antenna radiation efficiency. 
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Equation 3.21 indicates that the quantity factor Q is proportion to the antenna 
radiation efficiency e, ad- 
Now consider the behavior of the input impedance Zi,,, near resonance fo and let 
f= fo + Af, where Af is small. Then Zi,, is expressed as: 
f2 - f2 Zi,, =R+ j27rfL 1-1R+ j27rfL 0 (3.22) ý-2? irf)2LC) 
=( f2 
) 
where R=R, + RL; 
Since f2 - f02 = (f - fo) (f + fo) = Af (2f - Af ) ; zý 2f Af for small Af , Equation 
3.22 reduces to: 
R+ j47rLAf =R+i 
2RQAf (3.23) 
f 
At half power frequencies (f = fo + AfH), lZinJ2 = 2R2, i. e. 
jR+jRQ2'ý'fH 12 = 21? (3.24) fo 
Thus, 
fH 
FBW = 2ýý- (3.25) fo Q 
Here, FBW is the half-power fractional bandwidth of the antenna which is inversely 
proportional to the quality factor 
3.3.1.2 Fundamental Limitations for Electrically Small Antennas 
Equation 3.25 indicates that the fractional bandwidth of the antenna increases with 
the decrease of the quality factor Q. However, according to Equation 3.21, reducing the 
Q factor will also lead to the decrease of the efficiency erad and hence the decrease of 
the antenna gain. Furthermore, there are fundamental limitations as to how small the 
antenna elements can be made, which also affects the lowest achievable Q. 
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An electrically small antenna is the one whose largest linvar dimension 21- satisfies: 
kr < 1, where k is the wave number and equal to 27/A. The limits on electrically small 
antennas are derived by assuming that the entire antenna structure (with a largest linear 
dimension of 2r), and its transmission line and oscillator are all enclosed within a sphere 
of radius r [11, as shown in Figure 3.4. 
Antenna 
structure 
r 
Input 
Figure 3.4: Antenna within a sphere of radius r 
The fundamental limitations for electrically small antennas were investigated first by 
Chu [7] and subsequently by Harrington [8], so they are also called Chu-Harrington 
limitations. Chu's approach uses spherical wave functions to describe the field and 
calculate the quality factor 
When kr < 1, the quality factor Q of a small antenna can be expressed as [9]: 
1+ 2(kr )2 
- erad (3.26) (kr)3[l + (krýý] 
The calculated Q versus kr for different antenna radiation efficiencies are plotted in 
Figure 3.5. 
Equation 3.26 and Figure 3.5 present the relationships between the quality factor 
Q and the antenna size as well as the radiation efficiency. Since the Q rises rapidly 
as antenna size decreases, the result relates the lowest achievable Q to the maximum 
dimension of an electrically small antenna. Because the antenna bandwidth FBW is 
the reciprocity of Q, the increasing Q with reducing size r indeed implies a fundamental 
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Figure 3.5: Calculated antenna quality factor Q versus kr 
limitation on the widest achievable bandwidth FBW So, the antenna size, quality factor, 
bandwidth and radiation efficiency are interrelated, and there is no complete freedom to 
independently optimize each one. Therefore, there is always a tradeoff between them to 
obtain an optimal antenna performance. 
3.3.2 Travelling Wave Antennas 
For resonant antennas, such as straight wire dipoles, the wave travelling outward from 
the feed point to the end of the antenna is reflected, setting up a standing-wave-type 
current distribution [10]. These antennas are also referred to as standing wave antennas. 
If the reflected wave is not strongly present on an antenna such that the antenna acts 
as a guiding structure for travelling wave, it is referred to as a travelling wave antenna. 
Travelling wave can be created by using inatched load at the ends to prevent reflections. 
Also, very long antennas may dissipate most of the power, leading to small reflected 
waves. 
The simplest travelling wave antenna is the travelling wave long wire antenna with 
a length of L greater than one-half wavelength, as illustrated in Figure 3.6. RL iS the 
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matched load to prevent reflections froin the end. 
d 
0 It 
Figure 3.6: Travelling wave long Nvire antenna 
RL 
IT) 
Since a travelling wave antenna carries a pure travelling wave, the current and the 
voltage have uniform patterns. Thus, the hiput impedance of a travelling wave antenim 
is always predominantly real, leading to the wide band characteristic. 
FrequeticY independent antennas, such as biconical, spiral and log periodic antennas, 
as illustrated in Figure 3.8, are classic broadband and ultra wideband antennas. They 
can offer a real constant impedance and constant pattern properties over a frequency 
bandwidth greater than 10: 1. It is suggested by Johnson Wang that these freyiencY 
independent antennas are travelling wave antennas in nature [11]. 
There are two principles for achieving frequency independent Characteristics. 
The first one was introduced by Victor Ruinsey in the 1950s [12]. Ruinse. v's principle 
suggests that the impedance and pattern properties of an antenna will be frequency 
independent if the antenna shape is specified only in ternis of angles. 
Infinite biconical and spiral antennas are good examples whose shapes are completely 
described by angles [10]. For log periodic antenna, its entire shape is not solely specified 
bY angles; it is also dependent on the length from the origin to any point on the structure. 
But log periodic antenna can still exhihit frequency independent characteristics. 
The second principle accounting for frequency independent characteristics is self- 
coniplementarity, which was introduced by Yasuto Mushiake in the 1940s [13,14]. 
Chapter 3. Antenna Theory IG 
00 
(a) Biconical antenna 
L2 L Ld 
F ed 
Point 
T-4P-0, ý d3 
-. 1, 
d2 IR3 
di R2 
Ri 
(c) Log periodic antenna 
Figure 3.7: Geometries of frequency independent antennas 
Mushiake discovered that the product of input impedances of a planar electric cur- 
rent antenna (plate) and its corresponding "magnetic current" antenna (slot) was the 
real constant Tj 2 /4, where 71 is the intrinsic impedance (377, ztl2ft Ohms for free space). 
Therefore, if an antenna is its own complement, frequency independent impedance behav- 
ior is achieved. The self-coniplementary antenna has a constant impedance of 'q/2 which 
is equal to 188.5 ohms. In Figure 3.7(b), if W=S, i. e. the metal and the air regions of 
the antenna are equal, the spiral antenna is self-coniplenientary. 
Although frequency independent antennass can operate over an extremely wide fre- 
quency range, they still have some limitations. 
(b) Spiral antenna 
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Firstly, to satisfy the Ruinsey's requirement, the antenna configuration nceds to be 
infinite in principle, but is usually truncated in size in practice. This requirement makes 
frequency independent antennas quite large in terms of wavelength. 
Secondly, frequency independent antennas tend to be dispersive because they radiate 
different frequency components from different parts of the antenna, i. e. the smaller- 
scale part contributes higher frequencies while the large-scale part accounts for lower 
frequencies. Consequently, the received signal suffers from severe ringing effects and 
distortions. Due to this drawback, frequency independent antennas can be used only 
when waveform dispersion may be tolerated. 
Some practical frequency independent antennas are shown in Figure 3.8. 
'-o% 114 
(b) Spiral antenna [16] 
Figure 3.8: Frequency independent antennas 
(a) Biconicai antenna [15] 
(c) Log periodic antenna [17] 
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3.3.3 Resonance Overlapping Type of Antennas 
Normally, the bandwidth of a resonant antenna is not very broad because it has only 
one resonance. But if there are two or more resonant parts available with each one 
operating at its own resonance, the overlapping of these multiple resonances may lead 
to multi-band or broadband performance. In fact, the technique of using two resonant 
parts has been widely applied in antenna design especially for mobile handset antennas 
which are required to operate at various wireless bands. 
The two resonant parts can be combined in parallel [18,19], or one serves as the 
passive radiator and the other as parasitic element [20,21]. 
In [21], a stacked shorted patch antenna is proposed for GSA11800 (17101. \IHz- 
1880MHz) handset application. As shown in Figure 3.9, the lower patch (with length 
of LI = 25mm and width W= 20mm) is directly fed by a probe feed at the patch edge 
and the upper patch (with length of L2 = 24mm and width W= 20inm) is parasitically 
coupled from the lower one. Both of the two patches are printed on a low-loss dielectric 
substrate and they have a common shorting wall. 
L2 
Shorting Wall ;4 Li Ground Plane 
Figure 3.9: Geometry of stacked shorted patch antenna (Reproduced from 
[21]) 
Figure 3.10 shows the measured return loss curve of the stacked shorted patch 
antenna. It is clearly seen that two resonant modes are excited because there are two 
patch radiators. Furthermore, the two resonant frequencies are closely spaced. Con- 
sequently, the overlapping of these two resonances lead to a broad bandwidth, ranging 
from 1688NIHz to 1890. %IHz. 
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Figure 3.10: -Measured return loss curve of stacked shorted patch antenna [2 1] 
The main drawback of the multi-band antennas discussed above is that they can not 
provide constant radiation patterns over the operational bandwidth, i. e. the patterns 
differ from each other at different frequencies. This is due to the availability of two 
different radiating elements. 
Theoretically, an ultra wide bandwidth can be obtained if there are a sufficient num- 
ber of resonant parts and their resonances can overlap each other well. However, in 
practice, it is more difficult to achieve impedance matching over the entire frequency 
range when there are more resonant parts. Also, it will make the antenna structure 
more complicated and more expensive to fabricate. Besides, it is more difficult to achieve 
constant radiation properties since there are more different radiating elements. 
Alternately, if a single radiator itself can support multiple resonances, properly over- 
lapping of these resonances may lead to UWB characteristics with nearly constant radi- 
ation patterns across the whole operational band. Such an element can be a circular 
disc, or an elliptical slot. These two types of UWB antennas will be studied in detail in 
the later chapters. 
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3.3.4 "Fat" Monopole Antennas 
A conventional monopole has a straight wire configuration against a ground plane, as 
illustrated in Figure 3.11. It is one of the most, widely used antciinas for wireless 
communication systems due to its simple structure, low cost, onini-directional radiation 
patterns and ease for matching to 50Q [1]. Besides, it is unbalanced, thus eliminating 
the need for a balun, which may have a limited bandwidth [22]. 
The -IOdB return loss bandwidth of straight wire nionopole is typically around 10Yo- 
20%, depending on the radius-to-length ratio of the monopole. 
--------------------- 
lo 2R 
L 
--------------------- 
Feeding line-j h 
round ý Plane 
Figure 3.11: Geometry of straight wire monopole 
Table 3-A presents the simulated bandwidths of straight wire monopole (given in 
Figure 3.11) for different radius-to-length ratios when the monopole length L is fixed at 
12.5mm and the feed gap h at 2mm, respectively. 
It is noticed in Table 3-A that the bandwidth increases with the increase of the 
radius-to-length ratio. This inclicates that a "fatter" structure will lead to a broader 
bandwidth because the current area and hence the radiation resistance is increased [23]. 
However, when the monopole radius is too large related to the feeding line, the 
impedance mismatch between them will become significant and the bandwidth can not 
be further increased. 
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Table 3-A: Simulated -1OdB bandwidth of straight wire monopole with 
L=12.5mm and h=2mm 
Radius-to-length 
ratio RIL 
M 
Lower edge 
of bandwidth 
(GHz) 
Upper edge 
of bandwidth 
(GHz) 
Absolute 
bandwidth 
(GHz) 
Fractional 
bandwidth 
M 
0.8 4.95 5.64 0.69 13.03 
2.0 4.86 5.85 0.99 18.49 
4.0 4.67 5.64 0.97 18.82 
6.4 4.65 5.94 1.29 24.36 
Another method to obtain bandwidth enhancement is to replace the wire element with 
a plate which is obviously much "fatter". This plate can take various configurations such 
as square [22,241, circle [25], triangle [26], trapezoid [27], "Bishop's Hat" [28] and so 
on [29,30], as shown in Figure 3.12. 
Several techniques have been proposed to improve the antenna bandwidth, such as the 
use of a beveling plate [31,32], a double feed [33] or an asymmetrical feed arrangement 
[34], a trident-shaped feeding strip [35], and so on. The addition of a second orthogonal 
element is also reported to achieve satisfactory radiation pattern stability [36,37]. 
Compared with other configurations, a circular disc monopole can yield a wider fre- 
quency bandwidth. In [38], a bandwidth of 2.25GHz-17.25GHz for voltage standing 
wave ratio (VSWR)<2 is achieved by using a circular disc with diameter of 25mm and 
a square ground plane sized 300x3OOmm2. This bandwidth has covered the whole FCC 
defined UWB band. The relationship between the disc dimension and the lower frequency 
edge of the bandwidth is discussed in [25]. 
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Figure 3.12: Plate monopole antennas with various configurations 
Since a monopole originates from dipole by removing one element and driving the 
remaining one against a ground plane. It is understandable that "fat" dipoles, such as 
bow tie antenna [39], diamond antenna [40], elliptical disc dipole [41] and circular disc 
dipole [42], can also exhibit UWB characteristics. These UWB dipoles are illustrated 
in Figure 3.13. 
(a) Bow tie (b) Diamond (c) Elliptical 
Figure 3.13: UWB dipoles with various configurations 
(a) Square (b) Circle (c) Týiangle 
(e) -Bishop's Hat" (d) Trapezoid 
Chapter 3. Antenna Theory 53 
3.4 Summary 
As is the case for narrowband systems, antennas are also a key component in UVVB 
systems, but have more stringent requirements. 
Several methods have been exploited to widen the antenna operating bandwidth. 
For resonant antennas, the bandwidth enhancement can be accomplished by lowering 
the antenna quality factor, but the bandwidth can not be very wide due to the Chu- 
Harrington limitations. Besides, a low quality factor will lead to low efficiency and low 
gain. 
Frequency independent antennas can yield ultra wide bandwidth owning to either self- 
complementary or angle-specified structures. But the big size and dispersive performance 
limit their practical applications. 
Broadband or multi-band performances have been achieved through the overlapping 
of multiple resonances. But it is difficult to obtain UV%rB performance with constant 
radiation properties by using multiple radiating elements. 
Increasing the surface area so as to make the antenna "fat" will enhance the band- 
width significantly. Several "fat" types of monopoles and dipoles have been demonstrated 
to exhibit UNVB characteristics. 
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Chapter 4 
UWB Disc Monopole Antennas 
As mentioned in Chapter 3, many different types of antennas axe currently being consid- 
ered for UWB applications. Among these antenna configurations, circular disc monopole 
features simple structure, easy fabrication, wide frequency bandwidth and satisfactory 
radiation patterns [1,2]. 
However, the performances and characteristics of circular disc monopole antennas are 
not analyzed in detail in either [1] or [2]. How exactly the disc monopole operates across 
the entire bandwidth, remains a question. It is still not clear why this resonating type of 
antenna retains a seemingly onmi-directional radiation pattern with gain variation less 
than 1OdB over an ultra wide frequency band. 
In this Chapter, circular disc monopole antennas will be studied in the frequency 
domain with an emphasis on the understanding of their operations. The configuration of 
circular disc monopoles has also evolved from a vertical disc to a printed disc on a printed 
circuit board (PCB). The important parameters which affect the antenna performances 
will be investigated both numerically and experimentally to obtain some quantitative 
guidelines for designing this type of antennas. The time domain behaviors of circular 
disc monopole antennas will be evaluated in Chapetr 6. 
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4.1 Vertical Disc Monopole 
59 
A vertical disc monopole is so called because its disc radiator is vertically placed on the 
ground plane. It originates from conventional straight wire monopole and is realized by 
(b) Side view 
replacing the wire element with a disc copper plate. 
4.1.1 Antenna Geometry 
The geometry of the vertical disc monopole as well as the coordinate system is illustrated 
in Figure 4.1. 
41Z 
I 
Figure 4.1: Geometry of vertical disc monopole 
As shown in Figure 4.1, a circular copper disc with a radius of r and a thickness 
of 0.4mm is selected as the radiator and mounted vertically above a rectangular copper 
(a) The coordinate systern 
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ground plane. W and L denote the width and the. length of the ground plane, respec- 
tively. A 50Q coaxial probe connects to the bottom of the disc through the ground plane 
via an SAIA connector. h is the height of the f(Td gap between the feed point, and the 
ground. 
Simulations have shown that the performance of the antenna is mainly dependent oil 
the feed gap h and the dimension of the ground plane. 
4.1.2 Effect of the Feed Gap 
Figure 4.2 illustrates the simulated return loss curves for different feed gaps (h=0.3, 
0.7,1, and 2mm) when both W and L are fixed at 100inm and r at 12.5nun; their 
corresponding input impedance curves are plotted in Figure 4.3. 
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Figure 4.2: Simulated return loss curves of vertical disc monopole for different 
feed gaps with r=12.5mm and W=L=100inin 
It is shown in Figure 4.2 that the -10(113 operating bandwidth of the antenna varies 
remarkably with the variation of the feed gap h. The optimal feed gap is found to be 
between 0.3-0.7mm with the bandwidth covering an extremely wide frequency range 
from 2.47GHz to greater than 18GHz. 
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(b) Reactance X 
Figure 4.3: Simulated input impedance curves of vertical disc monopole for 
different feed gaps with r=12.5nim and W=L=100niin 
As shown in Figure 4.3, the low return loss (<-I OdB) always occurs over the frequency 
range when the input impedance is matched to 50Q, i. e. the input resistance R is close 
to 50Q while the input reactance X is not far from zero for the four different feed gaps. 
When h=0.3 and 0.7mm, R varies tardily at the level of 50Q whilst X remains small 
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across an extremely wide frequency range, leading to a UWB characteristic. However, 
when h rises to Imm and 2mm, R varies more widely and X also fluctuates significantly 
across the frequency range, thus resulting in impedance mismatch at the, antenna and 
hence the decrease of the operating bandwidth. 
4.1.3 Effect of the Ground Plane 
In previous section, it has been demonstrated that the variation of the feed gap 11. leads 
to the variations of the input impedance and frequency bandwidth. Since h is the gap 
between the ground plane and the disc, in a broad sense, the ground plane serves as an 
impedance matching circuit and also it times the resonant frequencies. 
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Figure 4.4: Simulated return loss curve of vertical disc nionopole without 
ground plane when r=12.5mm 
To confirm this, the performance of disc monopole without ground plane is investi- 
gated numerically. In the modelling, the disc monopole (Y=12.5inni) is fed by a 50Q 
coaxial line and the feed gap h (the distance between the disc bottom and the, outer 
conductor of the coaxial line) is still set at 0.7min. The simulated return loss curve and 
input impedance curve are illustrated in Figure 4.4 and Figure 4.5, respectively. It 
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is noticed in Figure 4.4 that the first -lOdB bandwidth ranges only from 2.7GHz to 
3.4GHz, much narrower than that of a disc with ground plan(,, as shown in Figure 4.2. 
This is due to the impedance mismatch over an extremely frequency range resulting from 
the removal of the ground plane.. As shown in Figure 4.5, in most frequency range from 
0 to 14GHz, both the resistance and reactance curves fluctuate substantially. The peak 
value of resistance is as high as 160 ohms, while the maximum reactance is around 86 
ohms. Furthermore, at the frequencies where resistance is close to 50 ohms, reactance is 
far from 0; when reactance reaches 0, resistance is either in its peak or near its minimum 
value. As a result, the impedance is mismatched to 50 ohnis at the antenna, leading to 
a narrow operating bandwidth. 
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Figure 4.5: Simulated impedance curve of vertical disc monopole without 
ground plane when 7-12.5mm 
Besides, it is also shown in the simulation that the -IOdB operating bandwidth of 
vertical disc monopole is critically dependent on the width W of the ground plane 
and it is not inuch determined by the length L. The simulated return loss curves for 
different lengths of the ground plane with r=12.5mm, L=10nun and the optinial feed 
gap h=0.7niiii are given in Figure 4.6. 
It is noticed in Figure 4.6 that the -1OdB operating bandwidth decreases greatly with 
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W being reduced from 100min to 25nim, and the first -IO(IB bandwidth for W=25nun 
only ranges from 2.7GHz to 3.9GHz. 
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Figure 4.6: Simulated return loss curves of vertical disc monopole for differ- 
ent widths of the ground plane with r=12.5niin, h=0.7mm and 
L=10mm 
The simulated return loss curves when L=5,10,25 and 100nmi with r=12.5nini, 
W=100mm and h=0.7mm are illustrated in Figure 4.7. Table 4-A presents the -IOdB 
bandwidths for different lengths of the ground plane. 
It can be seen in Figure 4.7 and Table 4-A that the -10 dB bandwidth of vertical 
disc monopole does not change much with the variation of the length of the ground 
plane. When L rises from 5mm to 100min with W fixed at 100mm, the lower edge of the 
bandwidth increases tardily from 1.98GHz to 2.44GHz, while the upper edge is almost 
constant at around 18.5GHz. This result demonstrates that the antenna bandwidth is 
not heavily dependent on the length L of the ground plane. 
Since the ground plane serves as an impedance matching circuit, Figure 4.6 and 
Figure 4.7 indicate that the impedance of the ground plane is mainly determined Iýy 
its width W This is because the current is mainly distributed along the. y-direction, 
as will be discussed in later sections. So the length L of the ground plane can be 
. 
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reduced significantly without any sacrifice of the operating bandwidth. This result is 
very important and encouraging for the miniaturization of the antenna. 
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Figure 4.7: Simulated return loss curves of vertical disc monopole for differ- 
ent lengths of the ground plane with r=12.5mm, h=0.7mm and 
W=100MM 
Table 4-A: Simulated -1OdB bandwidths of vertical disc monopole for differ- 
ent lengths of the ground plane with r=12.5mm, h=0.7mm and 
W=100mm 
L 
(mm) 
Lower edge of 
bandwidth (GHz) 
Upper edge of 
bandwidth (GHz) 
Absolute 
bandwidth (GHz) 
Fractional 
bandwidth 
5 1.98 18.55 16.57 161 
10 2.08 18.37 16.29 159 
25 2.30 18.33 16.03 155 
50 2.53 18.64 16.11 152 
75 2.56 18.58 16.02 152 
100 2.44 18.51 16.07 153 
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4.1.4 Effect of Tilted Angle 
66 
The disc monopole vertically mounted above the ground plane, as shown in Figure 4.1, 
has been discussed in previous sections. In this section, the disc is tilted from the 
z-direction, as shown in Figure 4.8. Simulations have shown that the tilted angle 0 
between the disc and the z-direction also has a significant effect on the performance of 
the antenna. 
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Figure 4.8: Geometry of the tilted disc monopole 
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Figure4.9: Simulated return loss curves of the disc monopole for different 
tilted angles with r=12.5inm, h=0.7mm and W=L=100inm 
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Figure 4.9 illustrates the simulated return loss curves of the disc monopole for dif- 
ferent tilted angles when r=12.5mm, h=0.7mm and W=L=100inm. Their respective 
input impedance curves are criven in Figure 4.10. 
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Figure 4.10: Simulated input impedance curves of the disc monopole for differ- 
ent tilted angles with r=12.5mm, h=0.7mm and W=L=100mm 
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It is observed in Figure 4.9 that the operating bandwidth is getting narrower with 
the increase of the tilted angle 0. When 0=0, the vertically mounted disc monopole can 
provide a -1OdB bandwidth of 16.07GHz (from 2.44GHz to 18.51GHz, as shown in Table 
4-A); when 0 rises to 22.5 degrees, the antenna can still exhibit UWB characteristic with 
an absolute bandwidth of 11.74GHz (from 2.67GHz to 14.41GHz); when 0 is changed 
to 45 degrees, the -10dB bandwidth is reduced to 3.6GHz (from 3.27GHz to 6.87GHz); 
with the further increase of 0 to 67.5GHz, the first -1OdB bandwidth only ranges from 
4.45GHz to 6.01GHz, leading to a bandwidth of 1.56GHz. 
This is due to the sensitivity of the input impedance of the disc to the tilted angle, 
as shown in Figure 4.10. With the increase of tilted angle 0, both of the resistance and 
the reactance of the antenna vary more widely across the frequency range, which means 
the impedance mismatch is getting worse, thus leading to the narrowing of the operating 
bandwidth, as illustrated in Figure 4.9 and 4.10. 
4.1.5 Mechanism of the UWB characteristic 
There is an important phenomenon in Figure 4.4 that the first resonance occurs at 
3GHz when the ground plane is removed. Here, the resonance frequencies are defined 
where the dips on the return loss curve are located. When the vertical disc monopole has 
a square ground plane with W=L=100mm, the first resonance is also fixed at axound 
3GHz for all of the four different feed gaps, as shown in Figure 4.2. When the ground 
plane is reduced in either direction (length or width), this resonance is shifted slightly, 
but still not far from 3GHz, as shown in Figure 4.6 and Figure 4.7. 
In fact, the quarter wavelength (25mm) at this first resonant frequency (3GHz) just 
equals to the diameter of the disc. This implies that this resonant frequency is mostly 
determined by the circular disc and slightly detuned by the size of the ground plane. 
Figure 4.2 and Figure 4.3 show that the circular disc is capable of supporting 
multiple resonance modes, the higher order modes (f2, f3 ... f,, 
) being the harmonics of 
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the fundamental mode of the disc. So the. wavelengths of the higher Order 1110dess'Itisfy: 
2r =nA,, /4= Ai/4, where n is the mode number. It is also indiczited th; it these higher 
order modes are closely spaced. Hence, the overlapping of these resoniuice modes leads 
to the UWB characteristic, as illustrated in Figure, 4.11. 
f2 f3 f4 Frequency 
Figure 4.11: Overlapping of the multiple resonance modes 
4.1.6 Current Distributions 
The simulated current distributions of vertical disc monopole at different frequencies with 
r=12.5mm, h=0.7mm and W=L=100mm are presented in Figure 4.12. Figure 4.12(a) 
shows the current pattern near the first resonance at 3GHz. The current pattern near the 
second resonance at around 6GHz is given in Figure 4.12(b), indicating approximately 
a second order harmonic. Figure 4.12(c) illustrates a more complicated current pattern 
at 9GHz, corresponding to the third order harmonic. 
As shown in Figure 4.12, the current is mainly distributed along the edge of the 
circular disc for all of the three different frequencies. This is the reason why the first 
resonant frequency is associated with the dimension of the disc. Oil the ground plane., the 
current is mainly distributed along the y-direction within a narrow area, which confirms 
our previous observation that the performance of the antenna is critically dependent on 
the width of the ground plane W and it is not very sensitive to the length of the ground 
plane L, as discussed in previous subsection. 
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Figure 4.12: Simulated current distributions of vertical disc monopole with 
r=12.5mm, h=0.7min and W=L=100nun 
70 
The snapshots of the magnetic field distributions corresponding to the currents along 
the half disc edge D (D =0- 39mni: bottom to top) with different phases at each 
resonance are plotted in Figure 4.13 (a) - (c), respectively. 
Figure 4.13(a) shows that at the first resonance the current is oscillating and has a 
pure standing wave pattern along most part of the disc edge. So the disc behaves like 
an oscillating monopole. But the variation of the currents becomes more complicated 
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Figure 4.13: Simulated magnetic field distributions along the edge of the half 
disc D (D =0- 39mm: bottom to top) with different phases at 
each resonance 
at higher resonance harmonics. Figure 4.13(b) indicates a complex current variation 
patterns at the second harmonic. The current is travelling along the lower disc edge, but 
oscillating at the top edge. There is a broad current envelope peak formed around D= 
25mm. In Figure 4.13(c), at the third harmonic, the feature of travelling wave, seems 
more prominent at the lower edge of the disc, while standing wave retains on the top 
edge with an envelope peak. 
4.1.7 Experimental Verification 
5 10 15 20 25 30 35 
Distance, mm 
(a) at 3GHz 
Two prototypes of vertical disc monopole antenna with 7-12.5min and the optimal 
feed gap of h=0.71nm were built and tested in the Antenna Measurement Laboratory 
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at Queen Mary, University of London. One antenna is bigger and has a square ground 
plane with W=L=100nim; the other one is smaller, exhibiting a narrower ground plane 
with L=10nim and IV=100inin, as shown in Fiý, I, uro 
III and Fitýuro 1.15, respectively. 
Figure 4.14: Vertical disc monopole with i-12.5min, h=0.71nni and 
W=L=100mm 
Figure 4.15: Vertical disc monopole with r=12.5mm, h=0.7nim, W=100nim 
and L=10mm 
The return losses Nvere measured by using a HP 8720ES network analyzer inside an 
anechoic chamber. The measured and simulated return loss curves of the two antennas 
are plotted in Figure 4.16 and Figure 4.17, respectively. 
For the antenna with a square ground plane, as shown in Figure 4.16, the inewsured 
return loss agrees very well with the simulated one iii the whole frequency ninge from 0 
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to 20GHz; the measured resonant frequencies are very close to the simulated on(,,; with 
differences less than 5%. 
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Figure 4.16: Measured and simulated return loss curves of vertical disc 
monopole with r=12.5nnn, h=0.7nini and W=L=100min 
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Figure 4.17: Measured and simulated return loss curves of vertical disc 
monopole with r=12.5mm, h=0.7nnn, W=100nnn and L=10nun 
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For tile antenna with a narrower ground plan(,, as shown in Figure 4.17, the measured 
return loss is also very close to the simulated one in most range of the frequency band 
except at around 3GHz where the simulated return loss is -21.08(113, but tile measured 
result is -10.55dB. In spite of the inisniatch at this frequency, the measured resonance 
frequencies are nearly identical to the simulated ones with differences less than 2%. 
The measurements confirm the UWB characteristic of the circular disc monopoles, as 
predicted in the simulations. It is also confirmed that reducing the length of the ground 
plane will not lead to any sacrifice of the -lOdB operating bandwidth. 
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Figure 4.18: Measured (blue line) and simulated (red line. ) radiation pat- 
terns of vertical disc monopole with r=12.5nnn, h=0.7nim and 
W=L=100nim 
UWB Disc Monopole Antennas 75 
The radiation pattern measurements of the two antennas were also carried out, inside 
ail anechoic chamber. Figure 4.18 illustrates the radiation patterns for the antenna 
with a 100mm square ground plan(,. The. measured and simulated radiation patterns 
also agree very well at 2.8GHz and 10GHz. The E-plane patterns have large back lobes 
and with increasing frequency they become smaller, splitting into many minor ones. The. 
maximum direction is shifted from ±60 degrees to ±50 degrees when frequency varies 
from 2.8GHz to 10GHz. The H-plane pattern is omni-directional at 2.8GHz and is only 
distorted slightly at IOGHz (the gain being reduced less than IOdB in the ., i. 
direction). 
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Figure 4.19: Measured (blue line) and simulated (red line) radiation pat- 
terns of vertical disc monopole with r=12.5inm, h=0.7mm, 
W=100mm and L=10nuii 
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The measured and simulated radiation patterns for the antenna with a narrower 
ground plane (L=10mm) are given in Figure 4.19. The patterns obtained in the mea- 
surement axe close to those in the simulation. Compared to the disc monopole with a 
square ground plane, this one has slightly larger back lobes in the E-plane patterns due 
to the reducing of the length of the ground plane. Also, the back lobe is bigger at low fre- 
quency than at high frequency because the ground plane is electrically small compared 
to the wavelength at low frequency. The H-plane patterns are still generally omni- 
directional over the entire bandwidth, like a conventional monopole. This is because the 
disc dimension is within the wavelengths of the first four resonance harmonics. 
4.2 Coplanar Waveguide Fed Disc Monopole 
As discussed in previous section, vertical disc monopole is capable of yielding ultra 
wide bandwidth with neaxly onmi-directional radiation patterns. However, this type of 
antenna is not a planar structure because it requires a ground plane which is perpendic- 
ular to the disc. Although the ground plane can be miniaturized significantly, it is still 
not suitable for integration with a PCB. This drawback limits its practical application. 
There is great demand for UWB antennas that offer a fully planax structure. 
To derive a planar version of the UWB disc monopole, a printed feeding structure 
is required. There are two choices; one is inicrostrip line [3-6] and the other coplanar 
waveguide (CPW) feeding structure [7-11]. This section will focus on CPW fed disc 
monopole, while microstrip line fed disc monopole will be studied in next section. 
4.2.1 Antenna Design and Performance 
The CPW fed disc monopole antenna studied in this section has a single layer-metallic 
structure, as shown in Figure 4.20. A circular disc monopole with a radius of r and a 
50Q CPW axe printed on the same side of a dielectric substrate. TVf is the width of the 
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metal strip and y is the gap of distance between the strip and the coplanar ground plane. 
W and L denote the width and the length of the ground plane, respectively, It is the feed 
gap between the disc and the ground plane. In this study, a Taconic TLC30 dielectric 
substrate with a thickness of H=1.6mm, a relative permittivity of E, =3 and a dissipation 
factor of 0.003 is chosen, so 1, Vf and g are fixed at 4nim an(] 0.33mm, respectively, in 
order to achieve 50Q impedance. 
w 
50Q copianar- 14 wf, g, I 
waveguide ground plane 
ý'y 77 substrate 7,7 
Figure 4.20: The geometry of the CPW fed circular disc monopole 
The simulations were performed using the CST Microwave Studio TAI package, which 
utilizes Finite Integration Technique for electromagnetic computation, as mentioned in 
Appendix B. The complete configuration of the antenna was simulated using this package. 
The effect of the 5M SMA (SubMiniature version A) feeding port should not be neglected 
because it is no longer shadowed by the ground plane for this planar type of antenna. 
Besides, it is positioned near to the disc and the slot of the coplanar waveguide. So 
the SMA port has been included in the simulation, but this does lead to a substantial 
computing overhead. 
A prototype of the CPW fed circular disc moilopole antenna with optimal design, i. e. 
r=12.5iiini, h=0.3mm, L=10mm and W=47111111, wws built and tested in the Antenna 
. 
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Measurement Laboratory at Queen 1XIary, University of London, as shown in Figure 
4.21. The return losses were measured in an anechoic chainher by using a IIP 8720ES 
network analyzer. 
L_ 
Figure 4.21: Photo of the CPW fed circular disc monopole with r=12.5iiiin, 
h=0.3mm, L=10inni and W=47niin 
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Figure 4.22: -Measured and simulated return loss curves of the CPW fed cir- 
cular disc monopole with r=12.5nini, h=03min, L=10min and 
W=47mni 
As illustrated in Figure 4.22, the measured return loss curve agrees very well with 
the simulated one in most range of the frequency band. The measured five resonances (at 
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around 3.3GHz, 5.6GHz, 8.4GHz 1I. IGHzind 1-1.6GHz) are very close to those obtained 
in the simulation with differences less than 8(/c. Generally speaking, tI w-10d 13 bandwidth 
spans an extremely wide frequency range in both -Simulation and 111ca. "'Invulent'. The 
simulated bandwidth ranges from 2.69GHz to 15.95GHz. This t JT WB characteristic of 
the CPW fed circular disc monopole antenna is confirined in the ineasurement, except at 
around 7GHz where the measured return loss is -9.6(IB. Besides, the lower kind higher 
frequency edges are slightly shifted to 2.84GHz and 15.17GIlz in the measurement. 
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Figure 4.23: Measured (blue line) and simulated (red line) radiation patterns 
of the CPW fed circular disc monopole at 3GHz 
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Figure 4.24: -Measured (blue line) and simulated (red line) radiation patterns 
of the CPW fed circular disc monopole at 5.6GHz 
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Figure 4.25: Measured (blue line) and simulated (red line) radiation patterns 
of the CPW fed circular disc monopole at 7.8GHz 
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Figure 4.26: Measured (blue line) and simulated (red line) radiation patt, crils 
of the CPW fed circular disc monopole at II GHz 
The radiation patterns of the antenna at the frequencies close to the resonances 
have been measured inside an anechoic chamber. The measured and simulated radiation 
patterns at 3GHz, 5.6GHz, 7.8GHz and 11.0GHz are plotted in Figures 4.23--Figure 
4.26, respectively. 
It is noticed that the measured radiation patterns are generally very close to those 
obtained in the simulation. The E-plane patterns have large back lobes and look like a 
donut or a slightly pinched donut at lower frequencies. With the. increase of the frequency, 
the back lobes become smaller, splitting into many minor ones, while the front lobes start 
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to form humps and notches. 
The H-plane pattern is omni-directional at low frequency (3GHz) and only distorted 
slightly at 5.6GHz. With the increase of frequency to the third and fourth resonances 
(7.8GHz and 11GHz), there are more distortions in the measured patterns compared with 
the simulated ones due to an enhanced perturbing effect on the antenna performance 
caused by the feeding structure and cable at these frequencies. Though the overall 
radiation pattern of the antenna has gone through a notable transformation, the H- 
plane pattern retains a satisfactory onmi-directionality (less than 1OdB gain variation in 
most directions) over the entire bandwidth in both simulation and experiment. 
4.2.2 Antenna Characteristics 
CPW fed disc monopole has been demonstrated to yield UVvB characteristic with nearly 
omni-directional radiation patterns. It is necessary to gain some insights into its opera- 
tion. 
From this subsection, the 50Q SMA feeding port is not taken into account in all of the 
simulations so as to ease the computational requirements. It is noticed that this SMA 
port mainly affects the higher order resonances by shifting their resonant frequencies. 
Figure 4.27 illustrates the simulated return loss curve of the optimal design of the 
antenna. The corresponding input impedance and Smith Chart curves are plotted in 
Figure 4.28 and Figure 4.29, respectively. 
As shown in Figure 4.27, the first resonance occurs at around 3. OGHz, the second 
resonance at 5.6GHz, the third one at 8.6GHz, the fourth one at 12.8GHz and the fifth 
one at 17.7GHz. Compared with Figure 4.22, the third, fourth and fifth resonances are 
up-shifted to higher frequencies because of the removal of the SMA feeding port. 
It is evident that the overlapping of these resonance modes which are closely dis- 
tributed across the spectrum results in an ultra wide -1OdB bandwidth. It is noticed on 
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the Smith Chart that the input impedance loops '11,01111d t he imped'Ince matching point 
within the circle of voltage standing wave ratio (VSWR)=2, but doesn't settle down to 
a real impedance point with the incrcýisc of frequency. 
0.1 1ý. II. 
I 
-5 
!9 -10 
cn (n - 15 0 
-20 
(D X -25 
-30 
-35' 02468 10 12 14 16 18 20 
Frequency, GHz 
Figure 4.27: Simulated return loss curve of the CPW fed circular disc 
monopole with 7-12.5mm, h=0.31nni, L=10iiiiii and IV=47nini 
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Figure 4.28: Simulated hiput impedance curve of the CPW fed circular disc 
monopole with r=12.5iiiiii, h=0.3mm, L=10mm and W=47niln 
-25 
Chapter 4. UWB Disc Monopole Antennas 
S-Parameter SnYdi Chart 
0.8 1 
10 
-10 
5 
-0.8 
Figure 4.29: Simulated Smith Chart of the CPW fed circular disc monopole 
with r=12.5mm, h=0.3nim, L=10mm and W=47nini 
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The return loss or input impedance can only describe the behavior of ail antenna 
as a lumped load at the end of feeding line. The detailed ENI behavior of the antenna 
can only be revealed by examining the field/current distributions or radiation patterns. 
The typical current distributions on the antenna close to the resonance frequencies are 
plotted in Figure 4.30. 
Figure 4.30(a) shows the current pattern near the first resonance at 3. OGHz. The 
current pattern near the second resonance at 5.6Hz is given ill Figure 4.30(b), indicating 
approximately a second order harmonic. Figures 4.30(c), (d) and (e) illustrate three 
more complicated current patterns at 8.6GHz, 12.8GHz and 17.7GHz, corresponding to 
the third, fourth and fifth order harmonics, respectively. These current distributions 
support that the UWB characteristic of the antenna is attributed to the overlapping of 
a sequence of closely spaced resonance inodes. 
The simulated 3D radiation patterns close to these resonances are plottcd in Figure 
4.31. The radiation pattern looks like a donut, similar to a dipole pattern, at the first 
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Figure 4.30: Simulated current distributions of the CPW fed circular disc 
monopole with r=12.5mm, h=0.3mm, L=10nun and W=47mni 
resonant frequency, as shown in Figure 4.31(a). At the second harmonic, the pattern 
changes its shape to a slightly pinched donut with the gain increase around 0=450 in 
Figure 4.31(b). When at the third, fourth and fifth harmonics, the patterns are squashed 
in x-direction and humps form in the up-right directions (gain increasing), as shown in 
Figures 4.31(c) - 4.31(e), respectively. It is also noticed that the patterns oil the. H-pane 
are almost on-mi-directional at lower resonances (1st and 2nd harmonics) and become 
distorted at the higher harmonics. 
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Figure 4.31: Simulated 3D radiation patterns of the CPW fed circular disc 
monopole with r=12.5nim, h=0.3nim, L=10mm and W=47min 
The transition of the radiation patterns from a simple domit pattern at the first 
resonance to the complicated patterns at higher harmonics indicates that this antenna 
must have gone through some major changes in its behavior. 
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In order to gain further insight into the antenna operation, the inimation of current 
variation at difference resonances were generated and observed in the CST Microwave 
Studio. Also, the magnetic field distributions corresponding to the. currents dong the 
half disc edge with different phases at each resonance are analyzed (ind plotted iii Figure 
4.32 (a) - (e), respectively. 
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Figure 4.32: Simulated magnetic field distributions along the edge of the half 
disc D (D =0- 39mm: bottom to top) with different phases at 
each resonance 
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It is observed in Figure 4.32 that the magnetic field distributions of CPW fed disc 
monopole are quite similar to those of vertical disc monopole, as given in Figure 4.13. 
At the first resonance, as shown in Figure 4.32(a), the current is oscillating and 
has a pure standing wave pattern along most part of the disc edge which indicates the 
disc behaves like an oscillating monopole. With the increase of frequency to the second 
resonance, the current is travelling along the lower disc edge, but oscillating at the top 
edge, as illustrated in Figure 4.32(b). The broad current envelope peak at around D 
= 25mm corresponds well to the gain increase in the radiation pattern, Figure 4.31(b). 
In Figure 4.32(c), (d) and (e), travelling wave seems more prominent at the lower edge 
of the disc, while standing wave retains on the top edge at the third, fourth and fifth 
resonances. Again, the envelope peaks correspond well to the humps (gain peaks) on the 
radiation patterns in Figure 4.31(c), (d) and (e), respectively. 
4.2.3 Design Parameters 
In this subsection, the important parameters which affect the antenna performance will 
be analysed to derive some design rules. 
The first parameter is the feed gap h. As shown in Figure 4.33, when r is fixed at 
12.5mm, L at 10mm and W at 47mm, the performance of the CPW fed disc monopole 
is quite sensitive to h. It can be seen that the return loss curves have similar shape for 
the four different feed gaps, but the -1OdB bandwidth of the antenna varies significantly 
with the change of h. When h becomes bigger, the -1OdB bandwidth is getting narrower 
due to the fact that the impedance matching of the antenna is getting worse. Looking 
across the whole spectrum, it seems that a bigger gap doesn't affect the 1st resonance 
very much, but has a much larger impact on the high harmonics. This suggests that the 
feed gap affects more the travelling wave operation of the antenna. The optimal feed 
gap is found to be at h=0.3mm, which is close to the CPW line gap. It makes perfect 
sense that the optimal feed gap should have a smooth transition to the CPW feed line. 
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Figure 4.33: Simulated return loss curves of the CPW fed circular disc 
monopole for different feed gaps with r=12.5niin, L=10niin and 
W=47mm 
Another design parameter influencing the antenna operation is the width of the 
ground plane W. The simulated return loss curves with r=12.5mm, L=101ilm and opti- 
mal feed gap h of 0.3mm for different widths W are presented in Figure 4.34. It can be 
seen that the variation of the ground plane width shifts all the resonance modes across 
the spectrum. It is interesting to notice that the -10 dB bandwidth is reduced when the 
width of the ground is either too wide or too narrow. The optimal width of the ground 
plane is found to be at W=47mm. Again, this phenomenon can be explained when the 
ground plane is treated as a part of the antenna. When the ground plane width is either 
reduced or increased from its optimal size, so does the current flow on the top edge of 
the ground plane. This corresponds to a decrease or increase of the inductance of the 
antenna if it is treated as a resonating circuit, which causes the first resonance mode 
either up-shifted or down-shifted in the spectrum. Also, this change of inductance causes 
the frequencies of the higher harmonics to be unevenly shifted. Therefore, the change of 
the ground plane width makes some resonances become not so closely spaced across the 
spectrum and reduces the overlapping between them. Thus, the impedance matching 
becomes worse (return loss>-IOdB) in these frequency ranges. 
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Figure 4.34: Simulated return loss curves of the CPW fed circular disc 
monopole for different widths of the ground plane with 
r=12.5mm, h=0.3mm and L=10mm 
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It is also noticed that the performance of the antenna is almost independent of the 
length L of the ground plane. This is understandable by inspecting current distributions 
in Figure 4.30 that the current is mostly distributed on the top edge of ground plane. 
It has been established that the ground plane (both its relative position and its width) 
plays an important role on the antenna bandwidth. Besides, there is an interesting 
phenomenon in Figures 4.33 and 4.34 that the first resonance always occurs at around 
3GHz for different feed gaps and some widths of the ground plane when the disc radius is 
fixed at 12.5nim. In fact, the quarter wavelength at the first resonant frequency (251nni) 
just equals to the diameter of the disc. This suggests that the first resonance occurs 
when the disc behaves like a quarter wave monopole. 
Figure 4.35 shows the simulated return loss curves for different dimensions of the 
disc with their respective optimal designs, which are given in Table 4-13. It can be seen 
that the ultra wide impedance bandwidth can obtained in all of these designs. 
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Figure 4.35: Simulated return loss curves for different disc dimensions of the 
circular disc in the optimal designs 
Table 4-13: Optimal design parameters of the CPW fed disc monopole and 
relationship between the diameter and the first resonance 
Diameter 2r 15 25 30 50 
(mm) 
First resonance 5.09 3.01 2.57 1.52 
(GHz) 
Wavelength A at 58.9 99.7 116.7 197.4 
(mm) 
2r/A 0.25 0.25 0.26 0.25 
Optimal W 28 47 56 90 
(mm) 
W/2r 1.87 1.88 1.87 1.80 
Optimal h 0.1 0.3 0.3 0.5 
(mm) 
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The relationship between the disc diameters and the first resonances is also listed in 
Table 4-B. It is demonstrated that the first resonant frequency is determined by the 
diameter of the disc, which approximately corresponds to the quarter wavelength at this 
frequency. In addition, it is shown that the optimal width of the ground plane is just 
less than twice the diameter of the disc, ranging from 1.80 to 1.88. The optimal feed gap 
h is around 0.3mm, which is close to the CPW line gap (0.33mm), with slight variations 
for the big and small discs. Table 4-B is thus a good summary of the design rules for 
achieving the ultra wide impedance bandwidth in a CPW fed disc monopole. 
4.2.4 Operating Principle 
It has been demonstrated that the overlapping of closely distributed resonance modes 
in both vertical and CPW fed disc monopoles is responsible for an ultra wide -lOdB 
bandwidth. 
At the low frequency end (the first resonance) when the wavelength is bigger than 
the antenna dimension, the EM wave can easily 'couple' into the antenna structure so it 
operates in an oscillating mode, i. e. a standing wave. With the increase of the frequency, 
the antenna starts to operate in a hybrid mode of standing and travelling waves. 
At the high frequency end, travelling wave becomes more critical to the antenna 
operation since the EM wave needs to travel down to the antenna structure which is big 
in terms of the wavelength. 
For the CPW fed antenna, the slots formed by the lower edge of the disc and the 
ground plane with a proper dimension can support travelling wave very well. So an 
optimally designed CPW fed circular disc monopole can exhibit an extremely wide - 
1OdB bandwidth. The operation principle of UWB disc monopole in Figure 4.11 now 
can be revised as the following schematic, Figure 4.36. 
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Figure 4.36: Operation principle of CPNN' fed disc monopole 
4.3 Microstrip Line Fed Disc Monopole 
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Other than CPW feeding structure, a planar circular disc monopole can also be realized 
by using inicrostrip feed line, as illustrated in Figure 4.37. 
FR4 substrate ... 
z 
L 
Ll Mf 
ei 
cerdo sli tnr 
eip 
Wi ground plane ground plane 
on the back 
Figure 4.37: Geometry of microstrip Iiiie fed disc monopole 
The circular disc monopole with a radius of r and a 5012 inicrostrip feed line are 
printed on the same side of the FR4 (Flame Resistant 4) substrate (the substrate has 
a thickness of H=1.5mm, a relative permittivity of E, =4.7 and a dissipation factor of 
0.002). L and W denote the length and the width of the substrate, respectively. The 
width of the microstrip feed line is fixed at WI=2.6inin to achieve 50Q impedance. On 
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the other side of the substrate, the conducting ground plaue with a length of L1=20nun 
only covers the section of the microstrip feed line. It is the feed gap between the feed 
point and the ground plane. 
Figure 4.38 presents the photo of inicrostrip line fed disc 1110110pole in the optinial 
design, i. e. r=10mm, h=0.3nirn, W=42nim and L=50nun. Its measured return loss 
curve against simulated one is plotted in Figure 4.39. 
01F, ýW 
Figure 4.38: Photo of microstrip line fed disc nionopole with r=10inni, 
h=0.3mm, W=42mm and L=50mni 
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Figure 4.39: Measured and simulated return loss curves of microstrip line 
fed disc monopole with r=10mm, lt=0.31lim, W=42nun and 
L=50mm 
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It is observed in Figure 4.39 that the measured -10(113 bandwidtli ranges from 
2.78GHz to 9.78GHz, while in simulation froin 2.69GHz to 10.16('. Ilz. The ineasmv- 
nient confirms the UWB characteristic of the proposed printed circular disc monopole, 
as predicted in the simulation. 
The UWB characteristic of the antenna can be again attributed to the overlapping 
of the first three resonances which are closely distributed across the spectrum. However, 
despite considerable efforts having been spent in tuning the design parameters, a good 
overlapping between the third and fourth harmonics can not be achieved. Thus, the 
-1OdB bandwidth of this antenna is always limited at the high end around 10GHz. By 
viewing the simulated input impedance plotted on the Smith Chart, given in Figure 
4.40, it is noticed that at the high frequency limit the input impedance loops out of tile 
VSWR=2 circle, i. e. the impedance matching is getting worse. This can be, understood 
by examining the variation in current distribution at resonances. 
S-Parameter Srrith Chart 
10 
10 
5 
-0.8 
Figure 4.40: Simulated Smith Chart of inicrostrip line fed disc monopole with 
r=10rnm, h=0.3mm, W=421nin and L=50nini 
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Figure 4.41: Simulated current distributions (a-c) and magnetic field distribii- 
tions along the edge of the half disc D (D =0- 331111n: bottoin to 
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with r=10mm, h=0.3111111, W=42111111 and L=50iiiiii 
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Simulated current distributions and magnetic field vaxiations of the microstrip line fed 
disc monopole at different frequencies are presented in Figure 4.41. Figure 4.41(a) shows 
the current pattern near the first resonance at 3GHz. The current pattern near the second 
resonance at around 6.5GHz is given in Figure 4.41(b), indicating approximately a 
second order harmonic. Figure 4.41(c) illustrates a more complicated current pattern at 
9GHz, corresponding to the third order harmonic. The magnetic field variation patterns, 
as shown in Figures 4.41 (d) - (f), indicate that the antenna also operates in a hybrid 
mode of travelling and standing waves at higher frequencies, like vertical and CPW fed 
disc monopoles. However, the ground plane on the other side of the substrate can not 
form a good slot with the disc to support travelling waves as well as CPW fed disc 
monopole. Therefore, the impedance matching becomes worse for the travelling wave 
dependent modes at high frequencies, as indicated in Figures 4.39 and 4.40. 
The measured and the simulated radiation patterns at 3GHz, 6.5GHz and 9GHz 
are plotted in Figures 4.42. The measured H-plane patterns are very close to those 
obtained in the simulation. It is noticed that the H-plane pattern is onmi-directional at 
lower frequency (3GHz) and still retains a good onmi-directionality at higher frequencies 
(6.5GHz and 9GHz). 
The measured E-plane patterns also follow the shapes of the simulated ones well. 
The E-plane pattern is like a donut at 3GHz. With the increase of frequency (6.5GHz 
and 9GHz), it starts to form humps and get more directional at around 45 degrees from 
the z-direction. In general, the shapes of the E-plane patterns correspond well to the 
current patterns on the disc, as shown in Figure 4.41. 
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Figure 4.42: Measured (blue line) and simulated (red line) radiation patterns 
of microstrip line fed disc monopole with r=lffinni, h=0.3nun, 
W=42mm and L=50mni 
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The design rules for the microstrip fed disc monopole, týtbulated in Table 4-C, are 
also similar to those of the CPW fed disc monopole. 
180 
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Table 4-C: Optimal design parameters of microstrip line fed disc monopole 
and relationship between the diameter and the first resonance 
Diameter 2r 
(mm. ) 
20 25 30 40 
First resonance fj 
(GHz) 
3.51 2.96 2.56 1.95 
I 
Wavelength A at fj 
(mm. ) 
85.5 101.4 117.2 153.8 
2r/A 0.23 0.25 0.26 
1 
- 
0.26 
Optimal W 
(mm. ) 
42 50 57 75 
W/2r 2.1 2 
1 
1.9 
- 
1.9 
Optimal h 
(mm. ) 
0.3 0.3 0.3 0.4 
For the benefit of design, four discs with different diameters have been investigated 
in simulation. It is observed in the simulation that, in a manner similar to the CPW 
fed disc monopole, the -1OdB bandwidth of the microstrip fed monopole is critically 
dependent on the feed gap h and the width of the ground plane W. Again, the first 
resonance frequency can be estimated by treating the disc as a quarter wave monopole. 
The optimal width of the ground plane is found to be around two times of the diameter 
and the optimal feed gap is still around 0.3mm, as shown in Table 4-C. 
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4.4 Other Shape Disc Monopoles 
4.4.1 Circular Ring Monopole 
It is seen in Figure 4.30 and Figure 4.41 that the current is mainly di'stributed ; 1loug 
the edge of the disc for both CPW fed and inicrostrip line fed disc monopoles. This 
implies that the performance of the antenna is independent of the central part of the 
disc, and hence cutting this part to form a ring monopole can still achieve an ultra wide 
bandwidth. 
For microstrip line fed disc monopole given in Figure 4.37, we retain the, optimal 
parameters, i. e. r=10mm, h=0.31nni, W=42nini and L=50niin, but cut a hole with 
radius of r, in the disc center. Figure 4.43 illustrates the simulated return loss curves 
for different inner radii rl. 
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Figure 4.43: Simulated return loss curves of microstrip line fed rhig monopole 
for different inner radii 7-1 with r=10inin, h=0.3min, W=42nim 
and L=50inm 
It is noticed in Figure 4.43 that when r, is no more than 4inni, the return loss curve 
does not change much with the variation of 7-1 - 
When i-I rises to 6nun, the return loss 
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shifts up to higher than -IOdB at around 5GHz. As a result,, the -10(IB bandwidth is nar- 
rowed remarkably. This indicates that a inicrostrip line fed circular ring nionopole with 
inner radius r, up to 4mm can provide similar opcrating bandwidth as its counterpart 
circular disc monopole (r, =O). 
In a similar way, it is found that for CPW fed case, a circular ring monopole with 
inner radius r, up to 5mm can provide nearly identical return loss to timt, of the circular 
disc monopole with radius of 12.5mm. 
Two prototypes of circular ring monopole antennas in their respective optimal designs 
were built and tested. One is fed by microstrip line (using FR4 substrate with a thickness 
of H=1.5mm, a relative permittivity of 6,. =4.7 and a dissipation factor of 0.002), and 
the other by CPW (using Taconic TLC30 substrate with a thickness of H=1.6mm, a 
relative permittivity of E, =3 and a dissipation factor of 0.003), as shown in Figure 4.44 
and Figure 4.45, respectively 
Figure 4.44: Photo of inicrostrip line fed ring monopole with 7-10min, 
rl=4mm, h=0.3nini, W=421nni and L=10min 
The measured and simulated return loss curves of the two circular ring monopoles 
are illustrated in Figure 4.46 and Figure 4.47, respectively. The measured return loss 
curves of their respective circular disc counterparts are also plotted in the figures for the 
ease of comparison. 
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Figure 4.45: Photo of CPW fed ring monopole with r=12.5imn, r, =5nim, 
h=0.3mm, W=47mm and L=50nlin 
It is evident in Figure 4.46 and Figure 4.47 that the measured return loss curve 
is close to the simulated one quite well for both of the two circular ring monopoles. 
Furthermore, the measured curve of ring monopole is almost identical to that of its disc 
counterpart for both microstrip line fed and CPW fed cases. This confirms that circular 
ring monopole can provide a similar UWB performance as its counterpart disc monopole. 
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Figure 4.46: Measured and simulated return loss curves, of Illicrostrip hne f, Cd 
ring monopole with T-10mm, rl=41nni, h=0.3nnn, W=421nin 
and L=50nim 
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Figure 4.47: Nleasured and simulated return loss curves of CPW fed ring 
monopole with r=12.5nim, 7-1=5nun, li=0.3niin, W=47min and 
L=10mm 
The radiation patterns of microstrip line fed circular ring monopole are presented in 
Figure 4.48. They were simulated and measured at 3GHz, 6.5GHz and 9GHz to compare 
with the disc counterpart. It is observed in Figure 4.48 that the measured patterns are 
close to those obtained in the simulation. Compared with the printed disc monopole, as 
shown in Figure 4.42, the proposed ring monopole exhibits almost the same. radiation 
properties, and it is also nearly on-mi-directional over the entire bandwidth. 
The measured results confirmed that circular ring monopole can exhibit nearly same 
characteristics as its disc counterpart if the inner radius is below a certain value, as 
predicted in the simulation. 
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Figure 4.48: Measured (blue line) and simulated (red line) radiation pat- 
terns of microstrip line fed circular ring monopole with 1-10min, 
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4.4.2 Elliptical Disc Monopole 
A planar elliptical disc monopole is also designed Oil the FRI substi"Itc by lisilig a 
inicrostrip line fed to provide all ultra wide operating bmidwidtli, as slio,. N7ii in Fig- 
ure 4.49. The substrate has a thickness of H=1.5111111 and it relative perinittivitY of 
E, =4.7. Thus, the width of the inicrostrip feed line is fixed at, IV1=2.6iiiiii to icIfieve 
50Q impedance. The ground plane with a width W and a length of L1=20inni only 
covers the section of the inicrostrip feed line. A and B represent, the long-axis and the 
short-axis of the elliptical disc, respectively. 
FR4 substrate 
-. x 
------------- h 
ground plane 
A 
Li microstrip feed line 
Wi 
ground plane 
in back 
L 
Figure 4.49: Geometry of microstrip line fed elliptical disc monopole 
As is the case for circular disc monopole, the feed gap h and the ground plane width 
W are among the most important design parameters. Their optimal values are found 
to be at h=0.7mm and W=44nini, respectively. Besides, the elliptical ratio AIB also 
influences the antenna performance. 
As shown in Figure 4.50, when h=0.71mn, W=441nni, L=44nini and B=7.8nun, the 
return loss curve varies substantially for different elliptical ratios AIR When A/B=1.7, 
the first -IOdB bandwidth is only 3.51GHz, ranging from 3.15GHz to 6.76GHz; when 
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AIB is changed to 1.1, the bandwidth is even narrower, froin 3GIlz to -4.77G'Ilz. While 
an optimal ratio of A/B=1.4 can yield in ultra wide fl-cquencY band of 6.51GIlz. 
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Figure 4.50: Simulated return loss curves of inicrostrip line fed elliptical 
disc monopole for different elliptical ratio AIB with h=0.7mm, 
W=44mm, L=44mm and B=7.8mm 
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A prototype of the proposed elliptical disc monopole in the optimal design, i. e. 
h=0.7mm, W=44mm, L=44mm, B=7.8nim and A/B=1.4, was fabricated and tested. 
The measured and simulated return loss curves, as given in Figure 4.51, show a 
good agreement. The simulated -1OdB bandwidth ranges from 3.07GHz to 9.58GHz. 
This UWB characteristic is confirmed in the measurement, with only a slight shift of the 
upper edge frequency to 9.89GHz. 
It can be seen that the UWB characteristic of the antenna is mainly attributed to the 
overlapping of the first three resonances, which are closely spaced across the spectrum. 
For the similar reason as that in a microstrip fed circular disc monopole, the -10(113 
bandwidth is limited at the high end of the frequency due. to the increase of impedance 
mismatching. 
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Figure 4.51: Measured and simulated return loss curves of inicrostrip line fed 
elliptical disc monopole with h=0.7nini, W=44nim, L=44nim, 
B=7.8mm and A/B=1.4 
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It has also been demonstrated both numerically and experimentally that the proposed 
elliptical disc monopole can provide similar radiation patterns its circular disc monopole, 
i. e. nearly ornni-directional radiation patterns over the entire operational band. 
4.5 Summary 
This chapter investigates the frequency domain performances of UNN'B circular disc 
monopole antennas. This type of antenna is initially realized by replacing the wire 
element of a conventional monopole with a circular disc element. The. antenna configu- 
ration has also evolved from a vertical disc to a planar version by using inicrostrip line 
and CPW feeding structure to achieve low profile and compatibility with printed circuit 
board. 
-35 
lt has been demonstrated that the overlapping of closely spaced multiple resonances 
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accounts for the UWB characteristics of disc monopole antenna. Normally, the first 
three or four resonances are required to overlap each other properly in order to provide 
a bandwidth covering the whole FCC defined UWB band from 3.1GHz to 10.6GIIz. At 
the first resonance, the antenna behaves like a quarter wavelength monopole. With the 
increase of frequency, it starts to operate in a hybrid mode of standing and travelling 
waves. Travelling wave becomes dominant in the antenna operation at higher order 
(third and above) resonances. So it is essential to design a smooth transition between 
the feeding line and the antenna for good impedance matching over the entire operational 
bandwidth. 
The important parameters of disc monopole antennas are also studied to derive the 
design rules. Both simulation and experiment have shown that disc monopole anten- 
nas exhibit nearly omni-directional radiation patterns in the H-plane over the entire 
operational frequency band. 
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Chapter 5 
UWB Slot Antennas 
In Chapter 4, disc monopole antennas have been demonstrated to exhibit UWB char- 
acteristics. These antennas have relatively large electric near-fields that are prone to 
undesired coupling with near-by objects. In contrast, slot antennas have relatively large 
magnetic near-fields that tend not to couple strongly with near-by objects [1]. Thus, 
slot antennas are well suited for applications wherein neax-field coupling is required to 
be minimized. In addition, printed slot antennas feature low profile, lightweight, ease of 
fabrication and wide frequency bandwidth, so they have attracted significant interest. 
This Chapter studies UWB elliptical/circular slot antennas with an emphasis on their 
fre'quency domain performances. Their time domain characteristics will be discussed in 
Chapter 6. 
5.1 Introduction 
Slot antennas were developed in the late 1940s to early 1950s [2]. In recent years, printed 
slot antennas axe under consideration for use in UWB systems and are getting more and 
more popular due to their attractive merits of simple structure and low profile. This 
type of antenna can take various configurations such as rectangle [3-5], circle [6,7], 
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axc-shape [8], triangle [8,9], annulax-ring [101 and others [11,121. These printed slot 
antennas have been realized by using either microstrip line [13,14], or CPW feeding 
structure [15,16]. 
Various techniques have been proposed to broaden the bandwidth of printed slot 
antennas and improve their performances. In [6], a microstrip line fed circular slot can 
operate over the entire UWB band, i. e. from 3.1GHz to 10.6GHz. However, the antenna 
size is big and the slot diameter is 65.2mm. In [13], a round corner rectangular slot 
antenna which is etched on a substrate with dimension of 68mmx5Omm can achieve a 
-10 dB bandwidth of 6.17GHz. In [14], a fork-like tuning stub is used to enhance the 
bandwidth of microstrip line fed wide-slot antenna. A bandwidth of 1.1GHz (1.821GHz- 
2.912GHz) has been achieved with gain variation less than 1.5dBi (3.5dBi-5dBi) over the 
entire operational band. In [15], a CPW fed square slot antenna with a widened tuning 
stub can yield a bandwidth of 60%. The antenna has a dimension of 72mm x 72mm and 
its gain ranges from 3.75dBi to 4.88dBi within the operational band. In [16], a CPW fed 
rectangular slot antenna with a substrate of 100mmxlOOmm can provide a bandwidth 
of 110% with gain varying from 1.9dBi to 5.1dBi. 
It is shown that the achieved bandwidths of these antennas can not cover the whole 
FCC defined UV%7B frequency band from 3.1GHz to 10.6GHz. Besides, the sizes of the 
antennas are not very small. 
In this Chapter, two novel designs of printed elliptical/circular slot antennas are 
proposed for UWB applications. One is fed by microstrip line, and the other by CPW. 
In both designs, a U-shaped tuning stub is introduced to enhance the coupling between 
the slot and the feed line so as to broaden the operating bandwidth of the antenna. 
Furthermore, an additional bandwidth enhancement can be achieved by tapering the 
feeding line. 
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5.2 Antenna Geometry 
The proposed printed elliptical/circular slot antennas with two diff'Crent feediug struc- 
tures are illustrated in Figure 5.1 and 5.2, respectivcly. For the inicrostrip hue fed 
elliptical /circular slot antenna, the slot and the feeding line are priuted ou different, sidcs 
of the dielectric substrate; for the CPW fed one, they are printed on the saine side of 
the substrate. 
8 
F *y 
y 
Figure 5.1: Geometry of microstrip line fed elliptical/ circi ila r slot antennas 
In both designs, the elliptical/circular radiating slot has a long axis radius A and a 
short axis radius B (for circular slot, A=B) and is etched on a rectangular FR4 substrate 
with a thickness t=1.5mm and a relative dielectric constant E, -4.7. The feed line is 
tapered with a slant angle 0=15 degrees for a length H to connect with the U-shaped 
tuning stub which is all positioned within the elliptical/circular slot and symmetrical 
with respect to the short axis of the elliptical /circular slot. The U-shaped tuning stub 
consists of three sections: the senii-circle ring section with ail outer radius R and an 
microstrip feed line wi ground, plane 
on the back 
substrate 
microstrip feed line 
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inner radius r, and two identical branch sections with equal heights L and equal widths 
W. S represents the distance between the bottom of the tulling Still) and the lowel. (, (Ig(, 
of the elliptical/circular slot,. 
50i2copianar ground plane 
waveguide 
substrare 
Figure 5.2: Geometry of CPW fed elliptical/circular slot antennas 
5.3 Performances and Characteristics 
Four printed elliptical/circular slot antennas with the optinial designs were ffibricated and 
tested in the Antennas Laboratory at Queen Mary, University of London, as illustrated 
in Figure 5.3-Figure 5.6. Their respective dimensions ire given ill Table 5-A. It is 
noticed that all of these four antennas feature a sinall size and even the largest, one, i. e. 
microstrip line fed circular slot, is still 37% less thmi the antcnim presented in [13]. 
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, Ad%. k 
(a) Top (b) Back view 
a:, 
Figure 5.3: Photo of microstrip line fed elliptical slot antenna 
7777 
(it) Top view (h) 13; i(k view 
Figure 5.4: Photo of microstrip line fed circular slot antenna 
Figure 5.5: Photo of CPW fed elliptical slot antenna 
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Figure 5.6: Photo of CPW fed circular slot antenna 
Table 5-A: Optimal dimensions of the printed elliptical/circular slot antennas 
it I 
Microstrip line fed 
elliptical slot 
Nlicrostrip line fed 
circular slot 
CPW fed 
elliptical slot 
CPW fed 
circular slot 
A(mm) 16 13.3 14.5 13.3 
B(mm) 11.5 13.3 10 13.3 
S(MM) 0.6 0.5 0.4 0.4 
R (mm) 5.9 5 5.5 5 
r(mm) 2.9 1.8 2.5 1.8 
H(Tnm) 3.3 3.1 2.5 3.1 
W(mm) 3 3.2 3 3.2 
L(rnm) 6 6.7 3 4.3 
Substrate 
Size (mm 2) 
42x42 43x5O 40 x 38 44x44 
5.3.1 Return Loss and Bandwidth 
The return losses of the four antennas were measured by using ail HP8720ES vector 
network analyzer. The ineasured return loss curves against the simulated ones are plotted 
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in Figure 5.7 --Figure, 5.10. Their respective -10(IB bandwidths are talmlated hi Tahle 
5-B. 
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Figure 5.7: I\Ieasured and simulated return loss curves of inicrostrip line, fed 
elliptical slot antenna 
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Figure 5.8: Measured and simulated return loss curves of inicrostrip line, fed 
circular slot antenna 
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Figure 5.9: Measured and simulated return loss curves of CPNV fed elliptical 
slot antenna 
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Figure 5.10: -Measured and simulated return 
loss curves of CPNV fed circular 
slot antenna 
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As shown in Figure 5.7-Figure 5.10 and Table 5-13, good agreement has been 
achieved between the measurement and experinient for each of the antennas. 
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Table 5-13: Measured and simulated -lOdB bandwi(Iths of printed (, Ilil)t, i- 
cal/circular slot antennas 
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Nlicrostrip line fed 
elliptical slot 
Nlicrostrip line fed 
circular slot 
CPNV fed 
c1liptical slot 
CPNV fed 
circular slot, 
Simulated 8 9.77 8.4 8.8 
(GHz) (2.6-10.6) (3.45-13.22) (3.0--11.4) (3.5 12-3) 
Measured 7.62 7.44 7.5 6.55 
(GHz) (2.6-10.22) (3.46-10-9) (3.1 10.6) (3.75 10.3) 
It is also noticed in Figure 5.7-Figure 5.10 that the UWB operation of these slot 
antennas is all due to the overlapping of the closely spaced resonances over tile frequency 
band. It is interesting to note that the -10 dB bandwidth is always linlited at the high 
frequency end, no matter for a CPW fed or a inicrostrip line fed slot in either elliptical 
or circular shape. 
0 
10 
-10 
) 
-0.8 
Figure 5.11: Simulated Sinith Charts of inicrostrip line. fed elliptical slot 
antenna (2-12GHz) 
S-Parameter Srnth Chart 
0.8 
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The input impedances for the inicrostrip line fed and CPW fed elliptical Slots are 
plotted on Smith Chart, as shown in Figure 5.11 and Figure 5.12, respectivelv. It, 
is clearly shown that at the high frequency limit the input, impedance Spirals out, of 
VSWR=2 circle (the blue line in Figure 5.11 and Figure 5.12), i. e. the impedance 
matching is getting worse. 
S-Parameter Srrwth Chart 
0.8 
0 
10 
-10 
-0.8 
Figure 5.12: Simulated Smith Charts of CPW fed elliptical slot antenna (2- 
14GHz) 
5.3.2 Radiation Patterns 
The radiation patterns of the antennas were also measured inside an anechoic chamber. 
As shown in Figure 5.13 and Figure 5.14, the measured patterns agree well with the 
simulated ones for both elliptical slot antennas. It is noticed that the printcd ellipti- 
cal/circular slot antennas with different feeding structures can provide similar radiation 
patterns. The E-plane pattern is monopole- like, and the number of lobes rises with the 
increase of frequency which means the antenna gets more directional. The slight asyni- 
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nietry oil the E-plane pattern is due to the imperfection of fitbriciition of the mitcmms. 
The H-plane pattern is nearly onlili-directional at lower frequency, but, beconies inorc 
asymmetrical to x-axis at higher frequency. This is dile to tile tulling Still) acting is ;I 
radiator itself and its effect becoming more prominent at high frequencY. 
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Figure 5.13: Measured (blue line) and simulated (red linc) radiation patterns 
of microstrip line fed elliptical slot antenna 
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(c) E-plane at I OGHz (d) H-plane at I OG Hz 
Figure 5.14: Measured (blue line) and simulated (red line) radiation patterns 
of CPW fed elliptical slot antenna 
5.3.3 Antenna Gain 
The measured gains of the four antenmi.,; irc presented in Figure 5.15. It is secii thit the 
measured gains fluctuate within the range from 2dBi to 7dBi uld reach the niLxiiiiiiin 
values at 1OGHz for all of the four slot antennas. Generally speaking, the measured gains 
are similar to those presented in [13-16] over most parts of the bandwidth. However, 
due to the wider operational bandwidth compared with those in [13 16], the gains have 
more variations, as shown in Figure 5.15. 
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Figure 5.15: The ineasured gains of the four slot antennas 
5.3.4 Current Distributions 
121 
The simulated current distributions of CPW fed elliptical slot antenna at three frequen- 
cies are presented in Figure 5.16, as a typical example. On the ground plane, the current 
is mainly distributed along the edge of the slot for all of the three different frequencies. 
The current patterns indicate the existence of different resonance modes, i. e. the first 
harmonic at 3.3GHz in Figure 5.16(a), the second harmonic around 5GHz in Figure 
5.16(b) and the 4th harmonic around IOGHz in Figure 5.16(c). This colifirins that the 
elliptical /circular slot is capable of supporting multiple resonant modes, and the over- 
lapping of these multiple modes leads to the UNVB characteristic, as analysed in the disc 
type of monopoles. 
Again, the current variations have been observed in Figures 5.16 (d) - (f). 'rhe 
feature is similar to that of the inicrostrip line fed disc monopole. The travelling wave 
at high frequency is not well supported in this enclosed structure. Hence, the impedance 
matching becomes worse at the high frequency and the -10 (113 bandwidth is limited at, 
- Microstrip line fed elliptical slot 
- CPW fed elliptical slot 
- Microstrip line fed circular slot 
- CPW fed circular slot 
the high end. 
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Figure 5.16: Simulated current distributions (a-(-) and magiietic field distribu- 
tioiis aloiig the edge of the lialf slot L (L =0- 36111111: bottom to 
top) at different phases (d-f) of CPW fed elliptical slot aiiteiiiia 
(a) CLIITCllt distribution at 33.3GI lz 
(b) Current distribution at 5GHz 
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5.4 Design Considerations 
Studies in the previous sections have indicated that the ultra wide bandwidth of the 
slot antenna results from the overlapping of the multiple resonances introduced by the 
combination of the elliptical slot and the feeding line with U-shaped tuning stub. Thus, 
the slot dimension, the distance S and the slant angle 0 are the most important design 
parameters which affect the antenna performance and need to be further investigated. 
5.4.1 Dimension of Elliptical Slot 
It is noticed that the dimension of the slot antenna is directly related to the lower edge 
of the impedance bandwidth. In the case of elliptical disc monopoles [17], an empirical 
formula for estimating the lower edge frequency of the -lOdB bandwidth fj is derived 
based on the equivalence of a planar configuration to a cylindrical wire, as shown- 
30 x 0.32 
L+r (5.1) 
where fj in GHz, L and r in cm. L is the disc height, r is equivalent radius of the 
cYlinder given by 27rr L----rAB. 
In this study, the elliptical slot has relatively large magnetic near-field, so it can be 
regaxded as an equivalent magnetic surface. Equation 5.1 is modified empirically as: 
30 xC (5.2) 
where L, r in cm, and f, in GHz; L=2A, r=0.25B. C is the element factor which equals 
to 0.32 for elliptical slot and 0.35 for circular slot, respectively. The comparison between 
the calculated f, and the measured one for different printed slot antennas are tabulated 
in Table 5-C. It is shown that the measured fi matches the calculated one quite well. 
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Table 5-C: The calculated aild ineasilred lower edge of' -10(ill bandwidth 
12.1 
Microstrip line fed 
elliptical slot 
Nlicrostrip fine fed 
circular slot 
('I'NV f'Cd 
elliptical slot, 
CPW fi'd 
circular 
A (, rrim) 16 13.3 115 13.3 
B(7nm) 11.5 13.3 1 13.3 
Measured 
fi (GHz) 2.6 3.46 3.1 3.75 
Calculated 
fi (GHz) 2.75 3.51 3.17 3.51 
5.4.2 Distance S 
The simulated return loss curves of CPW fed elliptical slot antenna for various S (S=O. 15min, 
0.4mm, 0.65mm) with A=14.5inm, B=10niin and 0=15 degrees are illustrated in Figure 
5.17. It is seen that the curves for different S have similar shape and variation trend, but 
the optimal distance is S=0.4nim because it call provide the widest -10(113 bandwidth. 
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Figure 5.17: Simulated return loss curves of CPNN' fcd c1liptical slot, antenna 
for different S with A=14.5inin, B=10min and 0=15 degrees 
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5.4.3 Slant Angle 0 
125 
In Figure 5.18, the return loss curves of CPXV fed elliptical slot antelum for ditferent, 
slant angles with A=14.5mm, B=10nnn and S=0.4min are plotted. It, is observed timt, 
the lower edge of the -1OdB bandwidth is independent of 0, but the upper edge is very 
sensitive to the variation of 0. The optimal slant angle is found to be at 0=15 degrees, 
with a bandwidth of 8.4GHz (frorn 3. OGHz to 11.4GHz). 
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Figure 5.18: Simulated return loss curves of CPW fed elliptical slot antenna 
for different 0 with A=14.5iiini, B=10inni and S=0.4nun 
Figure 5.17 and Figure 5.18 also confirm that the first resonant frequency (hence 
the lower edge of the -IOdB bandwidth fj is inainly dependent on the slot diniension. A 
variation of either S or 0 does not cause any shift of f, once both A and B are fixed. 
It is clear that tuning of the design parameters of distance S and slant angle 0 can 
affect the wave transmission at the feed point to the slot. A proper a(tj list ment of these 
parameters can either enhance or shift the antenna resonances to overlap more across 
the spectrum, hence, a more wide operating bandwidth. 
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5.5 Summary 
The frequency domain performances of printed elliptical/circular slot antennas have been 
addressed in this chapter. 
The frequency bandwidth can be widened by using tapered microstrip or CPW feed- 
ing line with U-shaped tuning stub to enhance the coupling between the slot and the 
feed line. Thus, the slot dimension, the distance S and the slant angle 0 are the most 
important design parameters that determine the antenna performance. 
It has been shown that ultra wideband characteristic was achieved due to the over- 
lapping of the closely spaced resonances over the frequency band. Similar to UNVB disc 
monopole antennas, printed elliptical/circular slot antennas operate in a hybrid mode 
of standing and travelling waves. However, the travelling wave at high frequency is not 
well supported in the enclosed structure, so the frequency bandwidth is limited at the 
high end. 
Experimental results have confirmed UWB characteristics of the proposed antennas 
as well as nearly onmi-directional radiation properties over a majority fraction of the 
bandwidth. These features and their small sizes make them attractive for future UNVB 
applications 
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Chapter 6 
Time Domain Characteristics of 
UWB Antennas 
In Chapter 4 and Chapter 5, UWB disc monopoles and slot antennas have been inves- 
tigated with an emphasis on their frequency domain performances. However, because 
UWB systems directly transmit narrow pulses rather than employing a continuous wave 
carrier to convey information, the effect of the antenna on the transmitted pulse becomes 
a crucial issue. In such a system, the antenna behaves like a bandpass filter and reshapes 
the spectra of the pulses [1]. The signal waveforms arriving at the receiver usually do 
not resemble the waveforms of the source pulses at the transmitter. The antenna, hence, 
should be designed with care to avoid undesired distortions. In other words, a good 
time domain performance is a primary requirement of UNVB antenna, as mentioned in 
Chapter 3. 
In addition, due to the potential interference with other wireless systems, the FCC 
regulated the emission mask which defines the maximum allowable radiated power for 
UWB systems. Thus, the source pulses also play an important role on the performance of 
the UWB system. Properly selecting the source pulse can maximize the radiated power 
within the UWB band and meet the required emission limit [2]. 
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In this Chapter, time doinain chanicteristics of VWIý disc illollop(des and sl()t mitell- 
iuLs will be analysed. Firstly, the perforilialiccs of these I'Wk ; lilt cv; lIli; lWd 
loin a system point of view. SmmulV, the 1xvinwidt and I-ecCIVC r(IsImmse-, Id, t'\VB 
antennas are investigated. Thirdly, the radiated poxverspcOral dell"'ity (dthe ; Illtelllm is 
studied in comparison with the FCC emission iiiask. And fimill. v, ýi com-()Iiit i0ii ; ippn)m. Il 
is used to obtain the measured received inikes vuld the tninsmUting/mAvitig aillmnul 
systems are assessed by the pulse fidelity. 
6.1 Performances of UWB Antenna System 
6.1.1 Description of UWB Antenna SYstem 
Consider a typical UWB antemin sYstein as it two-port network [21, as shown In Filoure 
6.1. 
- Antenna zo 
ZO S11(w) System S22(W) ZO 
ZL- 
Vt(W) S21(W) / S12(W) 
Vr(w) 
Figure 6.1: Configuration of U\VB antenna svstcni 
The Friis Transmission Equation relates the power Iot he power t rall"Illit led 
between the two antennas [3], as given in Equation G. I. 
Pl. 
I ri 12) (1 _Ir'. 12) G, -- 
2( 
A 
)2 
Pt I 7rd 
wI wre I I, P,.: time average in I) ut, power of tI Ic t'r; II I's III it tIIIgaI It el III; I alid tiII Ic avcrý I ge 
output power oft, lie. receiving ai it cium; Ft, F,: return loss ; it tIw input oft Iw tv; i I Isl II it ti I Ig 
antenna and the output, of the receiving mitelilin: 
Gt' (1,.: 
gi IiII( )f tI Ic t I.; III -s' III 
it II 
anteilim and the receiving antenna; lý)t - ý),. j 
2: j)oj; jj. iZýltiOjj jjj; jt(. jjijj',, tll(, 
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transmitting and receiving antennas; A: operating wavelength; and d: distance between 
the two antennas. 
Since UWB systems operate over a large frequency range, all of the parameters in 
Equation 6.1 are frequency-dependent. The Friis Equation can be rewritten as follows: 
pl- (W) 
= (1 _I rt (W) 12) (1 _Ir, 
(w) 12) G, (w) Gt (w) I ýt (w) . p, (W)12(-L)2 (6.2) Pt(w) 47rd 
For reflection and polarization-matched antennas aligned for maximum directional radi- 
ation and reception, Equation 6.2 reduces to: 
P, -(w) A )'G, (w)Gt(w) (6.3) Tt (W) T7rd 
The system transfer function, i. e. S21, is defined as the ratio of the output signal over 
the source signal. According to Figure 6.1, [Vt(w)12]2 = pt(W)ZO, V, 2(w)12 = PZL, so 
S21 is given by: 
r S21(W) =I 
FP7(w) ZL 
le-jO(w) = IS21(w)le-jO(w) Vt(w) (W) UO 
O(W) = Ot (W) -ý Or (W) + 
cod (6.4) 
c 
in which c is the velocity of light, Ot(w) and 0, (w) are the phase variations related to 
the transmitting and receiving antennas, respectively. 
It is manifest in Equation 6.2 and Equation 6.4 that the transfer function is deter- 
mined by the characteristics of both transmitting and receiving antennas, such as impedance 
matching, gain, polarization matching and the distance between the antennas. S21 also 
integrates the important system performances, such as path loss and phase delay. There- 
fore, it can be used to evaluate the performance of the antenna systems. 
Furthermore, the system response can be completely determined when the transfer 
function is known. To minimize the distortions in the received signal waveform, the 
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transfer function is required to have flat magnitude and linear phase response over the 
operational band. Usually, the group delay is used to evaluate the phase response of 
the transfer function because it is defined as the rate of change of the total phase shift 
with respect to angular frequency. Ideally, when the phase response is strictly linear, the 
group delay is constant. 
6.1.2 Measured Results of UWB Antenna System 
The measurements of the antenna system were carried out inside an anechoic chamber 
by using an HP8720ES vector network analyzer. The antenna system is comprised of 
two identical UWB antennas, as shown in Figure 6.2. Since UWB technology will be 
mainly employed in WPAN systems, in the measurements, the transmitter and receiver 
are vertically placed with a separation of d=1.2m. Further, to investigate the system 
performances in different directions, the two antennas are measured in two different 
orientations, namely face to face and side by side, respectively, as shown in Figure 6.3. 
Antenna System 
-------------------- 
d -7- 
-Fniý-srnýil@n-g --------- R-e-c e-i v-i n -g 
antenna antenna 
Vector Network Analyzer 
HP8720ES 
Figure 6.2: System set-up 
d 
d 
Face to Face Side by Side 
Figure 6.3: Antenna orientation (top view) 
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For UWB disc monopoles, the two discs are facing to each other in "face to fiwe" 
orientation; in "side by side" case, the two monopoles are aligned along the same, line 
with the two discs pointing to the same direction. For UWB slot antennas, the two slots 
are facing to each other in "face to face" orientation and pointing to the saine direction 
in "side by side" case. 
6.1.2.1 Vertical Disc Monopole Antennas 
The measured transfer functions and group delays of vertical disc monopole pair are 
plotted in Figure 6.4,6.6 and 6.7. 
-40, 
-50 
CO 
c3 -60 
(L) 
-0 
-70 
-80 
-90 
-100 U 0 468 10 12 
Frequency, GHz 
Figure 6.4: Magnitude of measured transfer function of vertical disc monopole 
pair 
It is shown in Figure 6.4 that the magnitude curves of the transfer functions corre- 
spond well to the antenna gain (as illustrated in Figure 6.5). At lower frequency range 
(less than 4GHz), the y-direction (the direction which is parallel to the, disc radiator) 
gain is quite close to that of the x-direction (the direction which is normal to the disc 
radiator), as a result, the two magnitude curves for both scenarios, i. e. face to face 
and side by side, are almost identical; Within the frequency range from 4GHz to 8GHz, 
the y-direction gain becomes smaller than that of the x-direction, so the magnitude 
Face to Face 
Side by Side 
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curve of face to face case is slightly higher than that of side by side cwse; However, M, 
higher frequencies (more than 8GHz), the x-direction gain decreases substiuitiilly with 
the increase of frequency, at the same time, the y-direction gain rises remarkably. Thus, 
the magnitude of side by side case becomes bigger than the face to face case. 
3 
0 
-3 
-6 
-9 
-12 
-15 
56789 10 11 12 
Frequency, GHz 
Figure 6.5: Simulated gain of vertical disc monopole in the x-direction and 
the y-direction 
It is also noticed that the operating band (-10dB below the peak) of transfer function 
for the face to face case spans from 1.5GHz to 7GHz. Outside this band, the magnitude 
curve decays very sharply. This means the signal within the frequency range of 1.5GHz to 
7GHz will be almost equally received. For frequencies higher than 7GHz the frequency 
components would be further attenuated, which will result in distortion of the total 
received signal. The operating band of the side by side case is narrower than the face to 
face case, from 1.5GHz to 5.5GHz. And the magnitude curve undergoes a deep null at 
around 8GHz. 
As shown in Figure 6.6, the phase curves of the transfer functions for both face to 
face and side by side cases are quite similar. They are nearly linear over an ultra wide 
frequency range from about 1GHz to 7GHz. The non-linear properties outside this range. 
will definitely cause distortions of the received signal wavefornis. 
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Figure 6.6: Phase of measured transfer function of vertical disc monopole pair 
The group delays of the two cases, as given in Figure 6.7, are quite stable with 
variation less than 3ns within the frequency range from 1GHz to 7GHz which corresponds 
well to the phase curves of the transfer functions. 
20 111111111 
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cu 
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0ý. 
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Figure 6.7: Group delay of mewsured transfer function of vertical disc 
monopole pair 
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6.1.2.2 CPW Fed Disc Monopole Antennas 
Figure 6.8-6.10 present the measured transfer functions and group delays of CPW fed 
disc monopole pair. 
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Figure 6.8: Nlagnitude of measured transfer function of CPW fed disc 
monopole pair 
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Figure 6.9: Phase of measured transfer function of CPW fed disc monopole 
pair 
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Figure 6.10: Group delay of measured transfer function of CPW fed disc 
monopole pair 
It is noticed in Figure 6.8 that the operating bands are from 2GHz to 5.8GHz for 
face to face case and 2GHz to 5.2GHz for side by side case, respectively. Besides, linear 
phase responses and less variable group delays are also observed over the frequency range 
from 2GHz to 6GHz, as shown in Figure 6.9 and 6.10. 
6.1.2.3 Microstrip Line Fed Circular Slot Antennas 
The measured transfer functions of microstrip line fed circular slot antenna pair are 
illustrated in Figure 6.11-6.13. 
As shown in Figure 6.11, the magnitude curves of face to face and side by side cases 
are quite similar over the entire frequency range from 0 to 12GHz, except that the side by 
side curve has more ripples due to the noise. The operating band ranges from 2.68GHz 
to 6.93GHz in face to face case and from 2.85GHz to 6.35GHz in side by side case. 
For face to face case, linear phase response with group delay variation less than Iis 
is obtained within the frequency range froin 2GHz to 8GHz; for side by side case, the 
variation of group delay is more notable within the operating band and it becomes bigger 
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than 20ns at 7GHz, as shown in Figure 6.12 and 6.13. 
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Figure 6.11: Magnitude of measured transfer function of Microstrip line, fed 
circular slot antenna pair 
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Figure 6.12: Phase of measured transfer function of Microstrip line fed circular 
slot antenna pair 
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The results given in this section (Section 6.1.2) have shown that the operating band 
of transfer function in face to face case is always wider than that in side by side case 
for both disc monopoles and elliptical slot antennas. Besides, the operating bands of 
-90 
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Figure 6.13: Group delay of measured transfer function of Nlicrostrip line, fed 
circular slot antenna pair 
transfer functions are normally no more than 5GHz, which is much less than the return 
loss bandwidths of the antennas, as discussed in Chapter 4 and Chapter 5. 
6.2 Impulse Responses of UWB Antennas 
In Section 6.1, the performances of UWB antennas are evaluated from a system point 
of view. The system transfer function S21 has taken into account the effects of both 
transmitting and receiving antennas. This section will investigate the impulse responses 
of UWB antennas when they are used as transmitters and receivers, respectively. 
6.2.1 Transmitting and Receiving Responses 
Now consider a practical antenna whose performances are frequency-dependent. The 
transmitting and receiving characteristics are represented by A(L,; ) (a(t)) and II(L')) 
(h(t)), respectively, as shown in Figure 6.14. Furthermore, using the principle of reci- 
procity, it can be shown that the transmitting and receiving characteristics are related 
Face to Face 
Side by Side 
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by [4,5]: 
A(w) oc jwH(w) (6.5) 
fWA 
(w) 
I MO f (0* H(w) 
fR Q) 
(a(t)) (h(t)) 
ýj 
Transmitting mode Receiving mode 
Figure 6.14: Antenna operating in transmitting and receiving modes 
For the same stimulus f (t) (F(w)), the transmitting response fT(t) and receiving 
response fR(t) can be expressed as: 
fT(t) F(w)A(w)ej"dw (6.6) 
NO F(w)H(w)ej't&u (6.7) 
Using Equation 6.5, Equation 6.6 can be rewritten as: 
a fT(t) OC I F(w)jwH(w)ej'tdw = ýýt-fR(t) (6.8) 
Equation 6.8 indicates that the transmitting response is proportional to the temporal 
derivative of the receiving response. Consequently, fT(t) and fR(t) will exhibit different 
shapes to the same stimulus f (t) (F(w)). 
If the bandwidth B(Q, we) of the stimulus F(w) is defined as [4]: 
w, -) _A 
JW: I Jwl - wcl :5 11/2} 
where w,, Q>0, w. is the center frequency of the bandwidth. 
Then Equation 6.8 may be modified as: 
a 
fT(t) OC jit-fR(t) F(w)jwH(w)e4'tdw jwjF(w)H(w)c"o(t+fFfflll)dw (6.9) 
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In narrowband case, fl < wc ,, 
lwl ;:: ý w,, hence Equation 6.9 can be approximated to: 
0 
fT(t) (X Ut-fR(t) zý wc F(w)H(w)eý'(t+7Z'7C)dw oc fR(t + 
7r ) 1 
2we 
In the extreme case of a CW signal fR(t) = cos(w, - 
+ 0), 
a 7r 
yt A 
(t) OC A (t + 2w, 
which is not an approximation, but exact. 
Therefore, the antenna transmitting and receiving responses are approximately equal 
up to scaling and shifting when the signal bandwidth is sufficiently narrow. 
For ultra wideband case, the approximation (Q < w, ) leading to Equation 6.10 is 
not valid. The transmitting response is proportional to the temporal derivative of the 
receiving response, as shown in Equation 6.8. But this derivative relationship can not 
be represented by scaling and shifting. 
6.2.2 Transmitting and Receiving Responses of UWB Antennas 
The transmitting and receiving responses of UWB antennas can be obtained based on 
the frequency domain measurement results. 
We still consider the antenna system given in Figure 6.2 and 6.3. Suppose the two 
antennas are placed in ideal free space, then the system transfer function S21(w) with 
face to face orientation can be expressed as [4]: 
S21(w) = A(w)H(w) 
e -jkd 
d 
where A(w) and H(w) denote the transmitting and receiving characteristics of the 
antenna, respectively; d is the spacing between the two antennas. 
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Using the derivative relationship between A(w) and H(w), Equation 6.12 inay be 
modified as: 
S21 (L')) 
=A (u)) H (w) 
e -jkd cc 
I 
A(L, ))A(L, )) c 
-jkd 
(x jLLH(L,; )H(L, )) 
C-. jkd 
(6.13) 
dj Lo d (I 
Hence, the transmitting characteristic A(w) (a(t)) and receiving characteristic H(W) 
(h (t)) can be calculated when t lie measured systein t f*IIIICtiOII S21 (W) is aVailable- 
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Figure 6.15: Transmitting characteristic of CPW fed disc monopole 
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The transmitting and receiving characteristics of (! P\V Fed disc mompole arv 
trated in Figure 6.15 and Figure 6.16, respectively. The curves have alivad. v becil 
normalized to their respective inaximuni value. Tile results confirin the disc mowpole 
exhibits different characteristics when operating in transmitting and receiving modes. 
7a-) 
N 
E 
0 z 
Time, ns 
(a) h (1) 
Co 
-0 
2 
0 
-10- 
-20 
-30- 
-4 
-50- 
-6 -0 468 10 12 
Frequency, GHz 
(b) If (,.; ) 
Figure 6.16: Receiving characteristic of CPNNI fed disc monopole 
In Figure 6.15 (b) and Figure 6.16 (b), it is also observed that the CPNN' disc 
monopole acts as, a band-pass filter with I)a., s: s band froin about, 2GIlz to (; GlIz in trans- 
mitting inode and from about 2GHz to 5.4GHz in receiving inode. 
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If a Gaussian pulse with pulse paruncter of a=45ps, ; is givcii in E(jimt ion 6.1 .1 md 
Figure 6.17, is used as the stimulus, the resultant tnuisinitting mid receiving responses 
are illustrated in Figure 6.18. 
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Filg-ure 6.17: Gaussian pulse with u= 15I)s 
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Figure 6.18: Týransinitting and receiving responses of CPNV fCd disc monopole 
to Gaussian pulse with a=45ps 
It is evident in Figure 6.18 that the two responses feature diti'Vi-ent wavet, 01,111s. 
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Fundamentally, this is due to the derivative relationship between the transmitting and 
receiving characteristics of the antenna. 
6.3 Radiated Power Spectral Density 
As mentioned in Chapter 2, UWB systems may cause interferences to other wireless 
systems since they operate over a large frequency range, which covers many bands being 
used. Thus, the emission limit is a crucial consideration for the design of both source 
pulses and UWB antennas. 
6.3.1 Design of Source Pulses 
The first order Rayleigh pulse, as given in Equation 6.15, is widely used as the source 
signal to drive the transmitter in a UNVB system. 
(t) = -2(t - 
1) (6.15) 
a2 
where the pulse parameter a stands for the characteristic time. Large a corresponds to 
wide waveform in the time domain but narrow bandwidth in frequency domain. Figure 
6.19 presents the normalized source pulses with three different pulse parameters. Their 
respective power spectral densities (PSD) against FCC mask are given in Figure 6.20. 
As shown in Figure 6.20, the peak value position of the PSD as well as the 1OdB 
bandwidth, i. e. the frequency band bounded by the points that are 1OdB below the 
highest emission, increases with the decrease of a. When a=30ps, the PSD curve peaks 
at 7.7GHz, and its 1OdB bandwidth ranges from 1.5GHz to 16.6GHz; when a rises to 
45ps, the peak value of PSD occurs at 5GHz, and the 1OdB bandwidth is reduced to 
10.1GHz, from 1GHz to 11.1GHz; with the further increase of a to 80ps, the 1OdB 
bandwidth only spans from 0.55GHz to 6.2GHz, with the maximum PSD at 2.8GHz. 
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Figure 6.19: First order Rayleigh pulses with different a 
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Figure 6.20: Power spectral densities of first order Rayleigh pulses with dif- 
ferent a 
Figure 6.20 also indicates that none of the three pulses can fully comply with the 
FCC's emission mask because of the high PSD at the frequencies IoNver than 3. lGHz. In 
addition, the pulse with a=30ps has high PSD level within the frequency range between 
10.6GHz and 16.4GHz. Comparatively, the pulse with a=45ps is inoresuitable for UNVB 
systems because its bandwidth matches the UNVB band better, while the bandwidth of 
a=80ps is a bit narrow. 
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It is feasible to move the spectra of first order Rayleigh Pulse into UNVB band to 
completely meet the FCC's emission limits using continuous sine. wave carrier if the 
carrier frequency and the pulse parameter are properly selected [6]. 
Besides, it is shown that some higher order Rayleigh pulses [2] can complY wit h the 
FCC's indoor emission mask directly such as the fourth order Rayleigh pulse with pulse. 
parameter of a=67ps, as presented in Equation 6.16, Figure 6.21 and Figure 6.22. 
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Figure 6.21: Fourth order Rayleigh pulse with a=67ps 
-1 n 
Although the power spectral density of first order Rayleigh pulse can not fully meet 
the FCC's emission mask, it is widely exploited in UWB systems due to its simple 
monocycle waveform which can be easily generated by RF circuits. So in this chapter, 
we still use this type of signal as source pulse to study the time domain performances of 
UWB antennas. 
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Figure 6.22: Power spectral density of fourth order Rayleigh pulsc with 
a=67ps 
6.3.2 Radiated Power Spectral Density of UWB antennas 
In previous section, it has been shown that the antenna transmitting charact crist ic can be 
calculated based on the measured system transfer function. Thus, the radiated pulse can 
be easily obtained through the convolution of input signal and the antenna transmitting 
response. 
6.3.2.1 Results of CPW Fed Disc Monopole 
The power spectral densities of the radiated pulses against the FCC emission nitsk are 
illustrated in Figure 6.23 and 6.24. Here, first order Rayleigh pulse with a =45ps and 
fourth order Rayleigh pulse with a =67ps, as discussed in previous section, are used as 
the source signals to drive CPW fed disc monopole. Their power spectral densities are 
also presented in the Figures to compare with the radiated ones accordingly. 
As shown in Figure 6.23, when the source signal is first order R; i. vleigh pulse with 
a=45ps, the radiated PSD complies with the FCC emission mask at most part. of the 
frequency band except at the frequencies lower than 3.1GHz, which is mainly due to the 
high spectra level of the source pulse within this frequency range. At around 9Gllz, the 
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radiated PSD curve undergoes a deep null, which agrees well to theantenim transinitt it ig 
characteristic A(ýý), as given in Figure 6.15 (b). 
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Figure 6.23: Radiated power spectral density with first order RaYleigh pulse 
of a=45ps 
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Figure 6.24: Radiated power spectral density with fourth ordcr R; ýylcigll pulse 
of a=67ps 
It is understandable that the fourth order Rayleigh pulse with a=67ps can lead to 
a radiated PSD totally compliant with the FCC indoor inask since the source spectni 
completely meet this emission limit, as shown in Figure 6.24. 
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6.3.2.2 Results of Other UWB Antennas 
The radiated power spectral densities of vertical disc monopole and microstrip line fed 
circular slot antenmi are presented in Figure 6.25 mid 6.26, respect ix, ely. 
1: 
-40- 
-50- 
-60- L -------------- 
-70- 
-8 
-90- 
1000, 
2468 10 12 14 
Frequency, GHz 
Figure 6.25: Radiated power spectral densities of vertical disc monopole for 
different source signals (blue curve: first order Raýyleigh pulse 
with a=45ps; red curve: fourth order Rayleigh pulse with 
a=67ps) 
For vertical disc monopole, the results are similar to those of CPW fed disc monopole, 
i. e. the radiated PSD is fully compliant with the indoor emission mask only when the, 
source signal is fourth order Rayleigh pulse with a=67ps, as shown in Figure 6.25. 
In contrast, the radiated power spectral densities of microstrip line fed circular slot 
antenna can completely match the indoor emission mask for both of the two different 
signals, i. e. first order Rayleigh pulse with a=45ps and fourth order ffityleigh pulse with 
a==67ps, as illustrated in Figure 6.26. 
The results indicate that the radiated power spectral density shaping (-, In be con- 
trolled to conform to the mandated emission limit by properly selecting the source. pulse 
and the antenna. 
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Figure 6.26: Radiated power spectral densities of inicrostrip line fed circular 
slot antenna for different source signals (blue curve: first, order 
Rayleigh pulse with a=45ps; red curve: fourth order RaYleigh 
pulse with a=67ps) 
6.4 Received Signal Waveforms 
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For a UNNB system, as depicted in Figure 6.2, the received signal is required to inItch 
the source pulse with minimum distortions because the signal is the carrier of useful 
information. The received waveform is determined by both source pulse and the sNIstein 
transfer function which has already taken into account the effects from the whole systein 
including the transmitting/receiving antennas. 
The transfer function measured by vector network analyzer is a frequency response 
of the system. However, the frequency domain raw data can be transformed to the thne 
domain. Here, Hermitian processing is used for the data conversion [7], as illustrated 
in Figure 6.27. Firstly, the pass-band signal is obtained with zero padding from the 
lowest frequency down to DC (direct current); Secondly, the conjugate of the signal is 
taken and reflected to the negative frequencies. The resultant double-sided spectruin 
corresponds to a real signal, i. e. the system impulse response. It is then transforined to 
the time domain using inverse fast Fourier transform (IFFT); FiiiallY, t lie sYst (, in impulse 
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response is convolved with the hiplit pIIISc to the -sigiml. 
Zero-padding 
i 
Conjugate transformation 
IFFT 
4*777 ým 
Figure 6.27: Hermitian procc, "'Sill", (Rej)"oduced fl-l" J-11) 
A -well-defined parameter named fidelity [1] is to assess the ()1' 11 
received signal waveform, as given in Equation 6.17. 
inax 
f+c: f(t)Si? (t + T)dt 
(6.17) 
7 f+: f2(t)(It f+ 
I 
, j2 (t)(It I? 
where the source pulse f (t) and the received signal ,; I? (t) nre norimilized by t heir energy. 
The fidelity F is the maxinium correlation coefficient of the tx\. () hY varYing the 
time delay 7. It reflects the similarity between the source pulse mid I hc received pulse. 
NN'hen the two signal waveforins are identical to each other, the rem-hes its peA, 
i. (,. unity. which ineans the antenna system does not distort I he input sigmil al nll. In 
the extreme case that the two pulses are totally different in -shape, t 
he fidelity decrea... 'es 
to the minimum value of zero. In practice, a V\VB sYstem 11()1-111n11Y provides n fidelitY 
between 0 and 1. UndoubtedlY, it big fidelity is alwaYs desirable. 
When first order Rayleigh pulse with a=-15ps is chosen as the input signal, the 
received signals of vertical disc monopole are given in Figure 6.28. 
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Figure 6.28: Received signal waveforins by vertical disc monopole with first, 
order Rayleigh pulse of a=45ps as input signal (m shown in Fig- 
ure 6.19) 
The received waveforms of the two scenarios, i. e. face to face and side by side, match 
with each other very well, which corresponds to the nearly oinni-directional radiation 
patterns of vertical disc monopole. The signal waveforms generally follow the. shape of 
source pulse and only have slight distortions. The calculated fidelity F is 0.8318 for face 
to face case and 0.7160 for side by side case. 
The distortions of the received signal waveforms can be explained by comparing the 
bandwidths between the transfer function S21 and the spectruin of the source pulse, as 
illustrated in Figure 6.29. 
The input signal has a power spectrum across IGHz to ILIGHz at -10(113 points. 
However, the operating band of the transfer functions, as shown in Figure 6.4, are 
much less than that of the source pulse spectrum. That means the input frequency 
components outside the transfer function bandwidth can not be efficiently transmitted 
by the disc monopole. Furthermore, there are some non-linear parts in the phase curves 
of the transfer functions, as plotted in Figure 6.6. Consequently, the received wavefornis 
undergo some distortions. 
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Figure 6.29: Spectrum of first order Rayleigh pulse with a=451)s 
Furthermore, the transfer function curves (both magnitude and phase) of the, two 
scenarios are quite similar within their respective operating bands, leading to similar 
received signal waveforms. However, face to face case achieves flatter magnitude curve, 
which indicates the signal frequency components are received more equally, leading to a 
bigger fidelity than side by side case. 
The further analysis shows that the distortions of the received wave. fornis inay be 
minimized if the source signal bandwidth falls into the band of the system transfer 
function. 
Now we consider a Gaussian pulse modulated by a continuous sine wave carrier, as 
given in Equation 6.18. 
1), e-( a 
)2 
(6.18) sin [27rf, (t - 
where the carrier frequency f, is set at 4GHz and pulse parameter a at 350Ps. 
The signal waveform of the modulated Gaussian pulse and its spectrum are plotted 
in Figure 6.30 and Figure 6.31, respectively. It is shown that the spectrum peaks at 
Chapter 6. Time Domain Characteristics of UWB Antennas 155 
4GHz with a -10dB bandwidth from 3GHz to 5GHz, which means the in; dn cnergy of 
the signal is totally moved into the operating band of the system transfer function. 
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Figure 6.30: Gaussian pulse modulated by sine signal with f,. =4GHz and 
a=350ps 
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Figure 6.31: Spectrum of modulated Gaussian pulse with a=350ps and 
f, =4GHz 
When this modulated Gaussian pulse is excited to the vertical disc monopole pair, 
the received signal waveforms are quite similar to the source pulse in both orientations, 
as illustrated in Figure 6.32. 
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Figure 6.32: Received signal waveforms by vertical disc nionopole with inod- 
ulated Gaussian pulse (a=350ps, f,. =4GHz) as input signal 
The calculated fidelity reaches as high as 0.9914 for face to face case and 0.9913 for 
side by side case, much bigger than those when first order Rayleigh pulse is used as the 
source signal. A significant improvement of received signal quality has been achieved by 
using modulated Gaussian pulse. 
The received pulses by other UWB antennas are plotted in Figure 6.33 Figure 
6.36. 
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Figure 6.33: Received signal waveforms by CPW fed disc inonopole with first 
order Rayleigh pulse of a=45ps as input signal 
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Figure 6.34: Received signal waveforms by CPW fed disc monopole with 
fourth order Rayleigh pulse of a=67ps as input signal 
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Figure 6.35: Received signal waveforms by microstrip line fed circular slot 
antenna with first order Rayleigh pulse of a=30ps as input signal 
The calculated fidelities for various source pulses in different UWB antenna systems 
are tabulated in Table 6-A- 6-C. 
According to the Tables, a fidelity greater than 0.95 is always achieved for different 
antenna pairs when the modulated Gaussian pulse is used as the source pulse. It is even 
better than 0.99 for disc monopole antennas in both of the two orientations. This is well 
4 4.5 5 5.5 6 6.5 7 
Time, ns 
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Figure 6.36: Received signal waveforms by microstrip line fed circular slot 
antenna with first order Rayleigh pulse of a=80ps as input signal 
understood since the pulse spectrum is full within the band of transfer function. Most 
of the frequency components can be received effectively and equally. Thus, the antenna 
system does not cause distortions to the signal. 
For fourth order Rayleigh pulse with a=67ps, its spectrum coincide well with the 
3. IGHz-10.6GHz UWB frequency band, as shown in Figure 6.22. The upper end of 
the transfer function operating band for each antenna pair is typically at around 6GHz, 
less than 10.6GHz. Signal frequency components between 6GHz and 10.6GHz are atten- 
uated substantially, leading to some distortions in the received signal waveforins. The 
calculated fidelity fluctuates around 0.9 for all of the three antenna pairs in different 
orientations. 
The spectrum of first order Rayleigh pulse is critically dependent on the pulse parain- 
eter a. A larger a corresponds to a narrower spectrum bandwidth, as illustrated in 
Equation 6.20. For a=80ps, the spectrum bandwidth is from 0.55GHz to 6.2GHz. The 
upper frequency end of the pulse spectrum is close to those of the transfer functions, but 
the lower end is smaller than those of the transfer functions. That means sonle low fre- 
quency components of the signal are filtered by the antenna system. With the decrease 
4.5 5 5.5 6 6.5 7 
Time, ns 
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of a, the spectrum band is getting broader, and some high frequency components are 
also filtered. As a result, the value of fidelity becomes smaller and it is even lower than 
0.6 for microstrip line fed circular slot antenna in both orientations when a=30ps. 
Table 6-A: Fidelity for vertical disc monopole antenna pair 
1st order 1st order 1st order 4th order modulated 
Rayleigh Rayleigh Rayleigh Rayleigh Gaussian 
a=30ps a=45ps a=80ps a=67ps a=350ps 
Face to Face 0.6231 0.8318 0.8751 0.9300 0.9914 
Side by Side 0.6031 0.7160 0.8156 0.9293 0.9913 
Table 6-13: Fidelity for CPW fed disc monopole antenna pair 
1st order 1st order 1st order 4th order modulated 
Rayleigh Rayleigh Rayleigh Rayleigh Gaussian 
a=30ps a=45ps a=80ps a=67ps a=350ps 
Face to Face 0.6315 0.7474 0.8369 0.9000 0.9933 
Side by Side 0.6229 0.6303 0.8599 0.9250 0.9970 
Table 6-C: Fidelity for microstrip line fed circular slot antenna pair 
1st order 
Rayleigh 
a=30ps 
1st order 
Rayleigh 
a=45ps 
1st order 
Rayleigh 
a=80ps 
4th order 
Rayleigh 
a=67ps 
modulated 
Gaussian 
a=350ps 
Face to Face 0.5787 0.7502 
1 
0.7419 0.9076 0.9609 
Side by Side 0.4666 0.7230 0.8108 0.8876 0.9583 
It is also noticed that for a given input signal, face to face case always produces a 
higher fidelity than side by side case in various antenna pairs. This is because the system 
function in face to face case normally has a flatter magnitude within the operating band. 
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6.5 Summary 
In a UWB system, the antenna behaves like a bandpass filter and reshapes the pulse 
spectrum. The antenna transmitting response is related to its receiving response by a 
temporal derivative. Consequently, the signal waveform arriving at the receiver usually 
does not resemble the input pulse. 
To obtain a high fidelity, which describes the similarity between the input signal and 
the received one, the system transfer function is required to have flat magnitude with 
linear phase within the operating band. Moreover, the spectrum of source pulse needs to 
match the transfer function. Thus, the received signal waveform is determined by both 
the antenna system and the source pulse. 
First order Rayleigh pulse features simple monocycle shape. However, its power 
spectral density can not fully comply with the FCC emission mask. Besides, the obtained 
fidelity may be very low due to the mismatch between the pulse spectrum and the transfer 
function. Some higher order Rayleigh pulses (for example, the fourth order pulse with 
a=67ps) can completely conform to the FCC emission mask, which makes it qualified 
for DS-UV; B systems. Using modulated Gaussian pulse, a very high fidelity can be 
achieved and the received signal does not have many distortions. This relatively narrow 
band pulse with carrier is suitable for MB-OFDM UWB systems. 
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Chapter 7 
Conclusions and Future Work 
7.1 Summary 
The UWB technology will be the key solution for the future VVTAN systems. This is 
due to its ability to achieve very high data rate which results from the large frequency 
spectrum occupied. Besides, extremely low power emission level will prevent UWB 
systems from causing severe interference with other wireless systems. As the only non- 
digital part of a UWB system, antenna remains as a particular challenging topic because 
there are more stringent requirements for a suitable UWB antenna compared with a 
narrowband antenna. Therefore, the antenna design and analysis for UWB systems 
were carried out in this thesis. 
Circular disc monopole antenna originates from a conventional monopole by replac- 
ing the wire element with a circular disc element. The antenna configuration has also 
evolved from a vertical disc to a planar version by using microstrip line and CPW feeding 
structure for the ease of integration with printed circuit board. 
Studies indicate that the disc element is capable of supporting multiple resonant 
modes and these modes are closely spaced. It is the overlapping of these resonances that 
162 
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leads to the UWB characteristic. The disc monopole operates in a pure standing wave 
mode at the first resonance, and in a hybrid mode of standing and travelling waves at 
higher order resonances. Besides, travelling wave becomes more dominant in the antenna 
operation with the increase of frequency. Therefore, it is essential to design a smooth 
transition between the feeding line and the antenna for good impedance matching over 
the entire operational bandwidth. 
Investigations have also been carried out in this thesis to analyse the design parame- 
ters of circular disc monopole. In a broad sense, the ground plane serves as an impedance 
matching circuit, and it tunes the input impedance and hence changes the operating 
bandwidth when the feed gap is varied. The dimension of the disc also has an impact 
on the antenna performance because the current is mainly distributed along the edge 
on the disc. Thus, the multiple resonances are directly (first resonance) or indirectly 
(other resonances) associated with the dimension of the disc. In addition, the current 
distributions also imply that cutting the central part of the disc will not degrade the 
antenna performance. Consequently, circular ring monopole exhibits the similar chax- 
acteristics as its disc counterpart. Both of them can provide UWB characteristics with 
nearly onmi-directional radiation patterns over the entire bandwidth. 
Elliptical/circular slot antennas are studied in this thesis as a type of antenna candi- 
dates for the future UWB applications. Similar to circulax disc monopole antennas, the 
UWB characteristics of elliptical/circular slot antennas are also due to the overlapping 
of the closely spaced resonances over the frequency band. The antennas operate in a 
hybrid mode of standing and travelling waves. However, the travelling wave at high 
frequency is not well supported in the enclosed structure, so the frequency bandwidth 
is limited at the high end. It has been shown that the operating bandwidth can be 
enhanced significantly by using tapered microstrip or CPW feeding line with U-shaped 
tuning stub. Therefore, the slot dimension, the slant angle and the distance between the 
tuning stub and the slot are the most important design parameters that determine the 
antenna performance. 
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The time domain behaviors of circular disc monopole and elliptical/circular slot 
antennas are also evaluated in this thesis. The received signal waveform is affected 
by both the transmit/receive antennas and the source pulse. In order to achieve high 
signal fidelity, the antenna system transfer function is required to have flat magnitude 
and linear phase response over the operational band. Also, the spectrum of the source 
pulse is required to match the operating band of the system transfer function. Three 
different pulses, i. e. the first order Rayleigh pulse, the fourth order Raleigh pulse and the 
carrier-modulated Gaussian pulse, are investigated and selected as source pulse for circu- 
lar disc monopole and elliptical/circular slot antenna systems. Studies have shown that 
a very high signal fidelity was always achieved by using the carrier-modulated Gaussian 
pulse because the pulse spectrum matches the antenna system transfer function well. 
7.2 Key Contributions 
The major contributions in the thesis are detailed below. 
Firstly, the mechanism which leads to UWB characteristics was proposed based on 
the further insight of the operations of UWB disc monopoles and elliptical/circular slot 
antennas. The overlapping of multiple resonances which axe evenly and closely spaced 
accounts for the UWB characteristics. In addition, the antenna operates in a hybrid 
mode of standing and travelling waves, and the travelling wave becomes dominant with 
the increase of frequency. 
Secondly, the miniaturization of vertical type disc monopole was realized by narrowing 
the ground plane while retaining the UWB characteristics. The proposed disc monopole 
antenna is simple in design, small in size and easy to manufacture. 
Thirdly, two planar versions of UWB disc monopole antennas were proposed. One is 
fed by microstrip line, and the other by CPW feeding structure. Both of them feature 
small size, ease of fabrication, low profile and compatibility with printed circuit board. 
Chapter 7. Conclusions and Future Work 165 
Fourthly, printed UWB circular ring monopoles were realized by replacing the disc 
elements of planar circular disc monopole antennas with circular ring elements. The 
proposed circular ring monopole antennas can exhibit nearly same characteristics as 
their disc counterparts. 
Lastly, four printed UWB elliptical/circular slot antennas fed by microstrip line or 
CPW were also proposed in the thesis. 
All of these antennas proposed in the thesis can provide ultra wide bandwidth with 
nearly onmi-directional radiation patterns and satisfactory time domain perofrmances 
which make them very suitable for the future UWB applications. 
7.3 Future Work 
Based on the conclusions drawn and the limitations of the work presented, future work 
can be carried out in the following areas: 
Firstly, it has been shown that both UWB disc monopole and elliptical/circular slot 
antennas operate in a hybrid mode of standing and travelling waves. A more detailed 
understanding of the travelling wave mechanism and the impedance variations could lead 
to improved design of UVVB antennas. 
Secondly, in this thesis, all of the antenna measurements are carried out inside an 
anechoic chamber. However, in the future UWB systems, antenna might be embedded 
inside a laptop or other devices. Thus, the devices' effects on the antenna performances 
need to be investigated. When the antenna is built on a portable device, the impact 
from human body should also be considered. 
Thirdly, the total and radiation efficiencies of both UWB disc monopole and ellipti- 
cal/circular slot antennas need to be investigated in the future. 
Fourthly, UWB antenna with small size is always desirable for the WPAN applica- 
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tions, especially for mobile and portable devices. Future research may focus on find- 
ing out new methods to further reducing the sizes of UWB disc monopole and ellipti- 
cal/circular slot antennas. 
Fifthly, due to the collocation of UVvrB system with frequency bands reserved for 
other wireless systems, sometimes the UV%rB device may be required to provide filtering 
in those bands to avoid potential interference. UWB disc monopole and slot antennas 
with band rejection properties can be an objective of future work. 
Sixthly, UWB systems operate at extremely low power level which limits its trans- 
mission range. In order to enhance the quality of the communication link and improve 
channel capacity and range, directional systems with high gain are required for some 
applications. Therefore, reseaxch on UWB directional antenna and antenna array could 
be carried out. 
Lastly, good time domain performance is a primary requirement for UVvrB antennas. 
Studies can be carried out to investigate the antenna effect on the transmitted signal 
and improve the time domain behaviors by optimizing the antenna configuration. 
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Appendix B 
Electromagnetic (EM) Numerical 
Modelling Technique 
The technology of wireless communications is established on the principles of electro- 
magnetic (EM) fields and waves. Thus, numerical techniques are playing an important 
role in solving EM field problems especially when the problems' complexity increases. 
Currently, several numerical techniques are available to solve the EM problems, such 
as Finite Element (FE) method , the Method of Moments (MoM), Finite-Difference 
Time-Domain (FDTD) method and Finite Integration Technique (FIT). FE and MoM 
solve the EM problems in frequency domain whilst FDTD and FIT solve the EM prob- 
lems in time domain instead. A particular numerical technique is well suited for the 
analysis of a particular type of problem. Analyses have shown that FDTD/FIT is fast in 
computation and the resolution is better than other available numerical software package 
[1]. Therefore the CST Microwave StudioG which is based on the FIT numerical method 
has been used as the modelling tool in this thesis. 
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B. 1 Maxwell's Equations 
The basis of EM theory is based on the relationship between the electric and magnetic 
fields, charges and currents. In 1886, James C. Maxwell assembled the Faraday's Law, 
Ampere's Law, Gauss's Law and magnetic field law into a set of equations which form 
the basis of EM theory [2,3]. 
The Maxwell's equations can be written in the differential form: 
xE Faraday's Law 
V-B=0 Magnetic Field Law (B. 2) 
xH Ampere's Law (B. 3) 
Dp Gauss's Law (B. 4) 
or in the equivalent integral form: 
dg= - dA Faraday's Law (B. 5) 
B- dA =0 Magnetic Field Law (B. 6) 
ob 
H- d§'= Tt )- dAf Ampere's Law (B. 7) 
f J5 - d. 
9 f pdV Gauss's Law (B. 8) 
In addition to the above four Maxwell's equations, there are three material equations: 
D=cE (B. 9) 
B=pH (B. 10) 
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J=aE 
where E is the electric field intensity (v/m); H is the magnetic field intensity (A/m); D is 
the electric flux density; B is the magnetic flux density; J is the electric current density 
(A/M2); a is the electric conductivity (S/m); E= coe, is the electrical permittivity 
(F/m); p= pop, is the magnetic permeability (H/m). 
B. 2 Finite Integral Technique (FIT) 
Finite Integration Technique (FIT) was first proposed by Weiland in 1977 [4]. Equivalent 
to FDTD, FIT is a time-domain numerical technique for solving Maxwell's equations. 
However, it discretises the integral form rather than the differential form of Maxwell's 
equations. 
The first step of the FIT discretisation is to define the computation domain which 
contains the space region of interest. The computation domain is enclosed by the restric- 
tion of the electromagnetic field problem, which normally represents an open boundary 
problem to a bounded space region. 
The next step is to decompose the computation domain into a finite number of the 
simplicial cell complex G, which serves as a computational grid. The primary grid G 
can be visualised in the CST Microwave Studio@, whilst internally a dual grid 5 is set 
up orthogonally to the primary one. In the Cartesian system, the dual grid 5 is defined 
by taking the foci of the cells of G as grid points for the mesh cells of as shown in Figure 
B. 1. 
The electric voltages e and magnetic fluxes b axe allocated on the primary grid G 
whilst the dielectric fluxes d and the magnetic voltages h are allocated on the dual grid 
G. A voltage is defined as the integral of a field strength value (electric or magnetic) 
along a (dual) mesh edge whilst a flux is defined as the integral of a flux density value 
(electric or magnetic) across a (dual) mesh cell facette. 
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-. 0- 1ý 
Computatior 
Domain 
Grid G 
B. 3 Faraday's Law 
Figure B. 1: FIT discretization 
A cell V of Grid G 
Consider a single cell V of the grid G as shown in Figure B. 2, the integration forin of 
Faraday's Law (Equation B. 5) can be rewritten for a facet A, as a sum of four grid 
voltages: 
ei + ej - ek - el =-b, dt 
(B. 12) 
where the scalar value c is the electric voltage along one edge of the surface A, whilst 
the scalar b, represents the magnetic flux though the cell facet A, 
ei 
ei 
Figure B. 2: A cell V of the grid G with the electric grid voltage c on the edges 
of A, and the magnetic facet flux b,, through this surface 
Therefore, the discrete form of Faraday's Law can be expressed in the general form: 
Ce= 
d 
b, 
dt 
(B. 13) 
where C=(I, I, -I, -I), is a niatrix coefficient which contains the incident relation of the 
A cell ý of_ 
Dual Grid G 
cell edges within G and on their orientation. 
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BA Magnetic Field Law 
For a cell V of the grid G as shown iii Figure B. 3, the integration forin of' Magnetic 
Field Law (Equation B. 6) can be represented as: 
- b, + 
b2 
- 
b3 + b4 - 
b5 + b6 ý0 (B. 14) 
Again, the relation in Equation B. 14 can be expanded to all the available cells and 
expressed in a general form as: 
Sb =0 (B. 15) 
where S is a matrix which contains the incident relation of the cell facet, representing 
the discrete divergence- opera t or for grid G. 
Figure B. 3: A cell V of the grid G with six magnetic facet fluxes which have 
to be considered in the evaluation of the closed surface integral 
for the non-existance of magnetic charges within the cell volume 
B. 5 Ampere's Law 
The discretisation of Ampere's Law (Equation B. 7) using the FIT requires the. dual grid 
G, as given in Figure B. 1. 
As shown in Figure B. 4, on a facet of a dual grid cell 6, the summing of' the 
inagnetic grid voltages to obtain the displacement current and the conductive current 
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through the facet can be expressed as follows: 
h, + h2 - 
h3 
- 114 
d d, +j (B. 16) dt 
i. e.: 
dd+i 
dt 
(B. 17) 
where the matrix 0 contains the incident relation of the cell edges within 6 and their 
orientation. 
h3 
h4 h2 
1000, h 
Figure BA: A cell V of the grid G with the magnetic grid voltage h on the 
edges of ýý and the electric facet flux d, through this surface 
B. 6 Gauss's Law 
Tile integral forin of Gauss's Law (Equation B. 8) can be discretised for the dual grid 
cells and its discrete matrix form is: 
Sd (B. 18) 
where the inatrix ý contains the incident relation of the cell facet, representing the, 
discrete divergence-operator for the dual grid d. 
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B. 7 Maxwell's Grid Equations (MGE's) 
It has been shown in previous sections that in the FIT discretisation, the integral form of 
Maxwell's equations (Equation B. 5- B. 8) is transformed into a complete set of discrete 
matrix equations, (i. e. Equation B. 13, B. 15, B. 17 and B. 18), termed the Maxwell 
Grid Equations (MGE's). Furthermore, the curl (C, iý) and divergence (S, §) matrices 
from the MGE's have the following properties: 
SC=O (B. 19) 
SC=O (B. 20) 
15T (B. 21) 
The relations in Equation B. 19 and B. 20 have ensured that there is no electric or 
magnetic charges axising during the computation due to the numerical algorithm. 
Finally, the material equations (Equation B. 9- B. 11) can also be rewritten in terms 
of material matrices AI,, M,,, and M, as follows: 
d= IVIe (B. 22) 
b= Allh (B. 23) 
i= Ale (B. 24) 
ISN B. 8 Advanced techniques in CST Microwave Studidly 
The most common disadvantage of the FIT in three-dimensional modelling is the usage 
of Yee-type Cartesian grids [5]. The standard gridding scheme introduces errors to the 
geometry representation of the curved structure surface due to the staircase approxima- 
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tion, as shown in Figure B. 5(a). 
(a) 
Original Object inside 
Cartesian grids 
(b) 
/ 
(c) 
0 Coventionally filled cells 
El PBA filled cells 
(d) 
Figure B. 5: Grid approximation of rounded boundaries: (a) standard (stair 
case), (b) sub-gridding, (c) triangular and (d) Perfect Boundary 
Approximation (PBA) 
In order to reduce the errors, a fine mesh is usually introduced around the curved 
surface. However, it leads to an overall fine mesh in the whole structure. Therefore, 
sub-gridding technique has been introduced. This technique is more efficient because it 
Appendix B. Electromagnetic (EM) Numerical Modelling Rchnique 180 
refines the mesh density only within the desired area (e. g. curve surface) insteýld of the 
whole structure, as illustrated in Figure B. 5(b). Figure B. 5(c) shows the triangular 
filling, which is another approach introduced to overcome the geometry approximation 
problem. However, most of these techniques have stability problems or low efficiency. 
A more accurate and efficient technique termed Perfect Boundary Approximation 
(PBAO), as shown in Figure B. 5(d) has been implemented in the commercial ENI 
modelling package, CST Nlicrowave Studio(O [6]. Using this technique, the computa- 
tional grid does not have to conform to the curved surface/boundaries. Instead, the 
sub-cellular information is taken into consideration resulting in an algorithm with sec- 
ond order accuracy for arbitrary shaped boundaries. Unlike other techniques, PBA only 
requires slightly higher numerical cost during the iteration. The algorithm of PBA has 
never been published by CST due to commercial reasons. 
However, PBA can only define one field value within PEC partially filled cells. There 
is still fine mesh to be defined in the thin PEC region of the structure. As such, Thin 
Sheet TechnologyTM (TST) has been introduced in the CST Microwave StudioO to solve 
the problem. It is possible for TST to handle two different field values within one cell, 
as shown in Figure B. 6. 
(b) TST example: each cell can 
consist of two non-PEC areas 
F-I 
PEC 
1: 1 
Partially filled cells -- Perfect Boundary Approximation (PBA) 
Figure B. 6: TST technique 
(a) PBA example: each cell consists 
of single non-PEC area 
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